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Foreword 

Welcome to Miami for the 1997 Florida Conference on Recent Advances in Robotics. 
We are glad that we had the chance to organize this annual conference in Miami for 
the first time. Equally important is the fact that many Florida universities, valuable 
researchers, and students will be participating. 

During the two-day conference, we have organized all accepted papers into six 
technical sessions: Design I and II, Modeling, Robot Control, Machine Vision, and 
Sensing. In our first-day plenary session, Professor William Hamel from the 
University of Tennessee, Knoxville, and Oak Ridge National Laboratory, will present a 
lecture entitled "Telerobotics: Promises and Problems." 

Dr. Lin Yarbrough, Robotics Program Manager for the U.S. Department of Energy, is 
our guest-speaker at our second-day plenary session. Dr. Yarbrough will present his 
work in a talk entitled "Robotics Development for Waste Management within DOE." 

This year we also included a display of student projects where 25 robot and mobile 
platform models are presented. These models are designed and constructed by FlU 
students as part of their class projects in the "Industrial Robots" and "Modeling and 
Control of Robots" classes. 

We hope that this conference offers a fertile ground for researchers as well as students 
to get to know each other well and establish cooperation among various institutions 
for the years to come. 

We would like to take this opportunity to thank Dean Gordon Hopkins, College of 
Engineering and Design, Professor Kuang-Hsi Wu, former Acting Chairperson of the 
Department of Mechanical Engineering, and Professor R. Irey, Chairperson of the 
Department of Mechanical Engineering, for their support throughout the planning of 
the Conference. We also thank the members of the Technical Committee for their 
support and responsiveness. Finally, our graduate students at Florida International 
University deserve a heart-felt "thank you" for filling in every time we needed them. 

Sabri Tosunoglu 
Conference Chair 

Tachung Yih 
Conference Co-Chair 

Florida International University 
Miami, Florida 
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Design and Construction of a Prototype 
Force-Reflecting Manual Controller 

Pattaraphol Batsomboon~ Sabri Tosunoglu 

Florida International University 
Department of Mechanical Engineering 

Miami, Florida 33199 
http://www l.eng.fiu.ed u/me/ro botics/ 

Abstract - This paper presents the ongoing work on 
the design of a portable F orce-Rejlecting Manual 
Controller (FRMC) for the teleoperation of hazardous 
material handling tasks which is being jointly devel
oped at the Robotics and Automation (R&A) Lab at 
Florida International University (FlU) and the Human 
Sensory Feedback Laboratory, Wright Patterson Air 
Force Base. The mechanical design is based on the 
gimbal structure and has three Degrees of Freedom 
(DOF) at the joystick. This design overcomes inherent 
difficulties associated with force reflection and yields a 
practical teleoperation system that is portable, easy to 
manufacture, and easy to use. The 1-DOF FRMC ver
sion has been developed to demonstrate the basic con
cept of the operation. In addition, a Graphical User 
Interface (GUI) is being developed which will enable 
simultaneous graphics, video, and Virtual Reality (VR) 
inputs. The operator will be provided with the visual, 
aural, tactile, and force feedback. Such a setup is re
ferred to as a telesensation system. 

INTRODUCTION 

Currently, teleoperation systems have been used in 
various applications such as space servicing, undersea 
operations, and hazardous material handling tasks in 
nuclear reactors. The common aspects of these applica
tions can be described in terms of complexity, uncer
tainty, and hazard. 

In nuclear power plants, robotic systems have been 
used for servicing, inspection and maintenance [7]. In 
1977, the teleoperator system SM-229 was developed 
to use in a variety of new installations in the plants. At 
the Oak Ridge National Laboratory (ORNL), the Model 
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Armstrong Laboratory, AL/CFBA 
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M-2 Maintenance System and the Advanced Servoma
nipulator (ASM) System were designed for use in nu
clear fuel reprocessing maintenance [8]. These systems 
provide the operator with visual and force reflection 
feedback which are essential in successful operations. 
The detailed descriptions of these systems can be found 
in [8]. 

For space applications, NASA developed the Remote 
Manipulator System (RMS) in 1970's (9]. The system 
does not have the force reflection capability. It primar
ily uses a resolved unilateral rate control of the individ
ual joints. In 1993, the "Rotex" experiment which was 
demonstrated by the German space agency DLR, was 
the first telerobot on the NASA Space Shuttle [10]. The 
experiment showed that the system can be controlled 
from earth through time delay. Another telerobot called 
NASA's Ranger was developed at the University of 
Maryland. The system uses two arms and is designed 
for satellite servicing and replacement of modules [ 11]. 

For under-water operations, Jacobson and companies 
have developed the force-reflecting electrohydraulic 
master-slave teleoperator system for the Naval Ocean 
Systems Center [12]. The system has seven DOF and is 
considered to have a relatively high bandwidth. 

Nowadays, advanced technologies enable engineers to 
design and develop teleoperation systems to the point 
where the human operator is able to perceive the feel
ings as if he/she were in the actual environment. The 
feedback such as visual, aural, and force can enhance 
the performance of systems significantly. This feedback 
information provides the operator with intuitive knowl
edge of the remote site which allows the operator to 
cooperate with the manipulator in performing complex 



tasks in hazardous environments in the most efficient 
and effective manner [1]. Such an advanced teleopera
tor system described above is the so-called telesensa
tion system. 

The ultimate goal of a telesensation system is to fully 
integrate various hardware components to the computer 
via a graphical interface to provide the operator with 
sensational feedback by employing the five senses [3, 
5]. Figure 1 depicts the main components of a telesen
sation system. 

The telesensation system also provides the operator 
with flexible programming, better task perception, 
planning, and control [4, 6]. As a result, the efficiency, 
reliability, and safety of the system are greatly im
proved. 

This paper presents the ongoing development of a 
force-reflecting manual controller and telesensation 
system. The project is jointly developed by the Robot
ics and Automation (R&A) Lab at Florida International 
University (FlU) and the Human Sensory Feedback 
Laboratory, Wright Patterson Air Force Base. The 
project is organized under five main tasks: design of 
FRMC, software development, testbed construction, 
system integration, and testing. 

Figure 1. A Pictorial Representation of Components in 
a Telesensation System 

DEVELOPMENT OF FORCE-REFLECTING 
MANUAL CONTROLLER 

The teleoperator system in Figure 1 functions with the 
operator in the loop. The operator receives visual in
formation on the computer screen from a video image 
and/or graphical animation. Additionally, a VR envi
ronment is provided to improve perception especially 
in 3-D manipulations. This allows the operator to use 
the most useful medium because the quality of the 
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modes (video, graphics, VR) may vary even within a 
single task. 

The operator controls the remote system via the FRMC. 
While the input motion moves the remote system, 
forces experienced by the system are reflected at the 
manual controller so that the operator feels the forces 
acting on the system. The major tasks in this work can 
be described in five categories: 

1. Force-Reflecting Manual Controller (FRMC) De
sign 

2. User-Friendly GUI and Control Software Devel
opment 

3. - Construction of an Experiment on a 1-DOF Test
bed 

4. System Integration 
5. Testing and Evaluation of Human Factors 

Force-Reflecting Manual Controller (FRMC) 
Design 

Because force-reflecting manual controllers are ac
tively-driven mechanisms, their design resembles more 
the design of a robot than that of a joystick or mouse, 
making their design quite challenging. Thus, in the ef
fort to design the best possible mechanism, the previous 
works ofthe FRMC have been reviewed. These include 
the 3-DOF shoulder, the 6-DOF nine-string controllers 
which were developed at the University of Texas at 
Austin (Figure 2) and others described in [3]. After a 
thorough study of the above systems, it was concluded 
that a 3-DOF shoulder system is far more reasonable if 
a compact and practical system is desired. Also, elabo
rate mechanisms should be avoided for the sake of me
chanical simplicity which ultimately affects the cost of 
the system. 

In order to achieve design optimization, a component 
survey has been conducted. This includes actuator sys
tems, sensors, controller, etc. A detailed review of this 
survey is given in [2]. The fmal design will be selected 
among the alternatives, with criteria such as compact
ness, workspace, force reflection capability, manufac
turability, and cost. 

Currently, at the R&A Lab at FlU, the conceptual de
signs of the 3-DOF FRMC have been developed. One 
of the design alternatives is the type of a gimbal struc
ture as shown in Figure 3. This mechanism considera
bly simplifies the mechanical design over many existing 
designs. Because of the simplicity of the mechanism, 
input-output equations are solved in real-time to gener-



designs. Because of the simplicity of the mechanism, 
input-output equations are solved in real-time to gener
ate the commands to send to the remote system. Simi
larly, the force sensor readings sent by the remote sys
tem are used to calculate the amount of actuator torques 
to duplicate the forces at the manual controller. · 

Figure 2. Six-DOF Nine-String (left) and 
Three-DOF Shoulder (right) Manual Controllers 

The system utilizes a direct drive setup which elimi
nates the need of intermediate transmission elements 
such as gears or belts. As a result, it has zero backlash 
and considerably reduced friction. The system consists 
of three powerful, small rare-earth permanent magnet 
brushless DC motors which provide a maximum re
flected force of five pounds. The design is expected to 
be one of the most compact three-DOF manual con
trollers. 

Figure 3. FlU 3-DOF Force-Reflecting Manual 
Controller Design 
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User-Friendly GUI and Control Software 
Development 

A user-friendly GUI and control software provides the 
operator with the real-time visualization for the telesen
sation system. The program accepts inputs from a 
graphics engine for graphical representation of the re
mote site and video input from a camera. The GUI of
fers a separate window for each visual representation. 
This is very useful because one can preview and evalu
ate the task layouts, robot kinematics and task perform
ance through 3-D geometric modeling and robot ani
mation in direct response to ·manual or computed con
trol inputs [6]. 

For better perception and sensation visual feedback, the 
VR unit can be added to the system. The VR unit pro
vides the view of the remote site as the operator turns 
or tilts his/her head which corresponds to a remote 
system camera. It enables a person to perceive and in
teract with a virtual environment as if it were real [ 13]. 

One of the biggest advantages of having a VR unit is 
that the actual manipulator can be removed from the 
training loop while the operator is being trained. This 
training approach can be quite beneficial because the 
robot cannot be damaged by any mistreatment by an 
operator, and therefore the operator should feel more 
comfortable during the training exercise. In addition, 
training scenarios can be set up easily. These scenarios 
usually include an emergency situation procedure 
training. Should the actual emergency occur, the op
erator would be much better in handling the situation 
[13]. 

At the R&A Lab, the Graphical User Interface (GUI) is 
being developed in a C++ environment. The GUI as 
shown in Figure 4 provides the menu-driven interface 
which develops a system model, and transformation of 
the manual controller workspace parameters to the pa
rameters ofthe remote system. The operator is also able 
to select various interface and operation parameters, 
such as the mode of operation, controller selection and 
specifications, scaling factors for position and force 
feedback, and re-referencing parameters. 

An industrial robot, PUMA 760, is used to simulate the 
remote system for the experimental testbed. In addition, 
a VR unit is being considered as an addition to the 
system. For this purpose, various commercial VR units 
have been reviewed in [3, 14]. 
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Force-Reflecting 
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Figure 4. Graphical User Interface 

Construction of an Experimental Testbed 

A 1-DOF FRMC has been constructed to demonstrate 
the basic principles of force reflection. This includes 
fabrication of a joystick, integration of sensors to a PC, 
development of a user-friendly GUI, and demonstration 
of the force reflection capability on the testbed. 

The components of a one-degree-of-freedom force
reflecting manual controller consist of a rare-earth per
manent magnet brushless DC servo motor with 1 000-
line encoder, PC bus-based controller with PID feed
back, amplifier, interface board, and force/torque sen-

sor and processor. All of the components, except the 
force sensor, are from Aerotech, Inc. The force sensor 
was purchased from JR3, Inc. Table 1 provides the 
summary of the purchased hardware components and 
software for the 1-DOF FRMC. 

This 1-DOF FRMC is able to reflect force up to 5 lb. 
More force reflection can be obtained by implementing 
a gear set to the system. However, the system will sus
tain higher friction and backlash as a result of using a 
gear system. 

Table 1. Listing of Hardware/Software Components for 1-DOF FRMC System 

Components Model Company 
Brushless AC servomotor BM200 Aero tech 
Encoder MS-E1000H Aerotech 
Controller UNIDEX500 Aero tech 
Amplifier BA20 Aerotech 
Interface Board BB501 Aerotech 
Force/Torque Sensor IOOM40A-U760 JR3 
ISA-Bus Receiver/Processor p/n 1523 JR3 
Control Software C++4.0 Borland 
Computer IBM Pentium 166 MHz. Dell 
Remote System Industrial Robot PUMA 760 6-DOF Robot Unimation 
Robot Interface Software PUMA Floppy Talker Antenen Research 
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The setup of the 1-DOF FRMC is shown in Figure 5. 
The principle of the control system can be summarized 
as follows. First, the joystick is used to control the mo
tion of the robot. The control software reads in the 
amount of the joystick movement and computes the 
data according to the operation parameters such as 
control modes (position or velocity), scaling values for 
position or velocity and re-referencing parameters 
which are inputted by the user. The Floppy Talker 
(PUMA Floppy/Terminal Emulator) then takes the data 
from the control software and passes it to the PUMA 
controller which controls the PUMA 760. 

Forces experienced by the manipulator are received 
through the Force/Torque (FIT) sensor. The FIT driver 
receives the signals, processes the data and transmits it 
to the control software. The control software carries out 
the calculations such as force feedback scaling, position 
scaling, etc. Once the calculations are completed, the 
program sends the data to the controller, U500, which 
accepts high-level commands. The controller then 
computes the necessary torque needed and passes the 
signals as low-level command signals to the interface 
board, BB50 1. The interface board BB50 1 on the other 
end is connected to the amplifier BA20 which is used 
to amplify the signal and deliver the power to operate 
the motor. The motor drives the joystick that is attached 
directly to the motor. 

PC-IBM PentiLm 166 ~ 

Figure 5. Setup of 1-DOF FRMC Testbed 

At this stage, the U500 and the PID controller have 
been tested. Noted that the purpose of this experiment 
is only to test the initial actual system response and 
provide a better understanding of the PID controller. A 
mathematical model of the system will be obtained to 
further refine the system response. 
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Initial actual responses and some of the experimental 
results have been recorded as shown in Table 2. Differ
ent gains have been tested to obtain the best possible 
system response. Figures 6, 7, and 8 show some of the 
system responses of the gains in Table 2 versus system 
position command. Figure 9 compares the system re
sponse errors of these plots. 

Table 2. Gains Used in Experiments on the Actual 
System 

Kp 
PID1 14 
PID2 2 
PID3 4 
PID4 2 
PID5 12 
PID6 8 

100 200 300 
Tlme(.,.l 

: --Command--- P101 l 

K, Ko 
28,000 40,000 
20,000 40,000 
20,000 40,000 
10,000 10,000 
10,000 10,000 
30,000 10,000 

1.02 -.---------, 
1.01 . 

1 

:::- 0.99 
u 0.98 

0.97 
0.96 

0.95 ~--------l 
150 250 350 450 550 

! --Convnand -- - - PI01 ! 

Figure 6. Position Command and System Response to 
PID1 Gains 
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Figure 7. Position Command and System Response to 
PID3 Gains 
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Figure 8. Position Command and System Response to 
PID6 Gains 
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Figure 9. Comparison ofthe Response Errors 

As one knows, the objective of the PID controller is to 
determine the values of the three gains so that the per
formance of the system meets the design requirements. 
Among the three system responses shown in Figures 6, 
7, and 8, PID 1 (Fig. 6) which consists of Kp = 14, Kr = 
28,000, and K0 = 40,000 shows the best system re
sponse. One may argue that PID3 (Fig. 7) has a faster 
settling time than PID 1, but notice that the steady-state 
error ofPID 3 does not go to zero as shown in Figure 9. 
On the other hand, PID 6 (Fig. 8) which shows that the 
steady-state error eventually becomes zero, the system 
has a longer settling time than PID 1. 

Fioure 9 shows the errors which are the differences 0 

between the position command and the actual re-
sponses. The overshoot and subsequent oscillations are 
due to the excessive and retarding torque developed by 
the motor as the PID controller tries to compensate for 
the friction. By reducing the speed of the motor, and 
selecting more appropriate gains, the oscillations can be 
decreased. 

UPCOMING TASKS 

The next step is to identify the system parameters to 
form a mathematical model of the 1-DOF FRMC sys
tem. The model will provide us with the analytical so
lutions to compare with experimental results. It will 
also serve as a simulated system to try different gains 
so that the actual system will not be damaged. Later, an 
experiment will be conducted to evaluate the perform
ance of the actuator system between direct-drive and 
gear-driven systems. A spur-gear set with a ratio of 5: 1 
was purchased from Aerotech, Inc., for this particular 
experiment. Both systems have been reviewed and 
specifications given in [2]. 

CONCLUSIONS 
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The progress of the design and development of a force
reflecting manual controller for the teleoperation of 
hazardous material handling tasks was presented. This 
project is a part of the development of a telesensation 
system conducted jointly by the Robotics and Automa
tion Lab at Florida International University and the 
Human Sensory Feedback Laboratory, Wright Patter
son Air Force Base. The three main categories of the 
work have been discussed. These include the design of 
a force-reflecting manual controller, the development 
of the user-friendly GUI and control software, and the 
construction of the 1-DOF experimental testbed. Ulti
mately, the system will provide the operator with an 
intuitive feeling and sensational feedback of the remote 
site. Thus, the system performance will be significantly 
improved. 
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Abstract - Microprocessor-based controllers allow 
development of complex machines in a short time. In this 
study a Log Strip Separator (LSS) was developed by using 
mechanical, pneumatic, and electrical components. The 
microprocessor-based controller of the LSS coordinated 
the operation of two pneumatic cylinders to cut the metal 
strip between two logs while the main machine 
continuously generate the Log Strip. 

INTRODUCTION 
Global competition, inexpensive computational tools, and 
automated machinery are factors which have changed 
many conventional practices in industry. Today, a short 
development time, high quality standards in maintenance, 
and cost reduction are vital practices for survival in an ever 
increasingly competitive market. Microprocessors allowed 
development of very complex machines which . move a 
series of mechanical components in a coordinated fashion 
by using a series of sensors and actuators. In this paper, a 
Log Strip Separator will be introduced. 

The small local business manufactures linked-log strips for 
lining lawn edges (see Fig.l) . Their finished product 
requires three manufacturing stages. In the first stage, logs 
approximately twelve feet in length are cut into to smaller 
pieces. 

Depending on the linked-log strip style to be 
manufactured, the logs are cut into pieces five to eight 
inches in length with diameters ranging from two to five 

Figure 1. Two Views of the Manufactured 
Wood Strips for Lawn Edges 
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inches. In the second manufacturing stage, the previously 
cut logs are run through a machine which links them 
parallel to one other by inserting a 3/4 inch wide metallic 
·strip on the top of the logs. When the band of linked logs 
reaches a desired length, the metallic strip is cut. After the 
log strips are removed from the machine, they are either 
packaged immediately or sent through a third, optional 
manufacturing stage in which they are painted. 

The manufacturer was previously cutting the metal strip 
with a manually controlled pneumatic system which used a 
5-hp electric motor. This system required the metal-strip
insertion operation to be halted before each cut was made; 
furthermore, it was necessary for an operator manually to 
adjust the location of the cutter to separate the linked-log 
strip. 

OBJECTIVE AND PROPOSED SYSTEM 
In order to improve the efficiency of the factory 's metallic 
strip cutting process, the proposed intelligent and 
automated system was designed to: 
• Monitor the signal from a log-counting device. 
• Temporarily halt the log strip flow when supplied with 

a trigger signal by either the counter or a manual 
switch. 

• Cut the metal strip exactly between two blocks without 
damaging the logs. 

The developed machine can be divided into two major 
systems: 

• Mechanical System: composed of an electric-motor
driven cutter mounted on a mobile platform and a 
pneumatic driven wedge. 

• Control System: composed of a microprocessor-based 
digital circuit, an interface circuit, and a pair of 
solenoid valves which control the air flow to 
pneumatic cylinders. 

DETAILS OF THE DEVELOPED SYSTEM 
In this section, selection of design parameters, frame 
structure, controller and operation will be outlined. 



Selection of Design Parameters. There were no available 
data in the technical literature researched to indicate the 
necessary torque to cut the metallic strip linking the logs. 
A metal cutting blade, 8 inches in diameter, was selected at 
the initial stage. The blade was mounted on a milling 
machine and was tested by cutting a sample log with an 
inserted metallic strip at its widest section. The tests were 
performed in this fashion to exaggerate the cutting force 
requirement of the machine. Current-draw measurements 
of the milling machine's motor were made during 
operation with a Tenma caliper current meter. The 
maximum power requirement was then evaluated. The 
results of the experiment indicated that a 1-HP electric 
motor would be sufficient for continuous duty. A Dayton 1-
HP 220V AC three-phase electric motor was selected for 
use in the final prototype. A Winsmith Maximizer 10:1 
ratio speed reducer was also selected for use between the 
motor and the cutter to obtain the optimal cutting speed. 
To increase the cutting clearance between the cutting 
mechanism and existing established machine of the 
customer, a 1 0-inch blade was then chosen without 
changing the need of the necessary power input to the 
driver mechanism. To optimize the clearance problem a 
second speed reducer Boston Gear 1 : 1 ratio is used just to 
change the power transnnsswn direction without 
increasing or decreasing the speed taken after the first 
speed reducer was used. 

The second step of the d~velopment process was the design 
of the mechanism to move the cutter from a resting 
position to a cutting position. The cutter assembly 
consisted of the electric motor, two speed reducers, shaft, 
and blade assembly mounted on a flat 112-inch aluminum 
platform. Vertical motion of the platform on a rail, and 
rotation of the platform around two hinges were 
considered. The first solution would have occupied less 
space than the second; however, the pneumatic cylinder 
would have had to carry the total weight of the platform. 
Rotating the platform around hinges, on the other hand, 
would allow the use of a smaller pneumatic cylinder and 
yield a faster reaction time. 

The pneumatic cylinder used for the cutter movement, a 
Bimba l-inch diameter double-acting pivot -end style 
cylinder, was selected to apply 150 pounds of force to the 
platform to move it up and down. The second pneumatic 
cylinder, a Bimba 1-1116-inch diameter double-acting with 
T series model linear thruster wedge holder, was selected 
to apply 7 5 pounds to the wedge at 100 psi. 

Frame Structure. The machine's supporting structure 
consisted of a steel frame which was attached to the 
~xisting log-linking machine. The frame supported a 1/2-
Inch aluminum platform on which the electric motor, speed 
reducer, and cutter were mounted. The platform was 
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hinged on the base with two pillow blocks (Browning 
Valuline self-aligning rigid mount eccentric locking 
collars) and a stainless steel shaft. The platform was 
adjustable 2 inches left or right on the stainless steel shaft. 
The frame structure and a top view of the platform are 
presented in Fig.2 and Fig.3, respectively. 

~-t•c cylonCfpr wi th t;npor 
/ tnrustPr <•Pdg• l'lotdPd 

l~'t s••tch to tr-;gg•r 
t hp cuttpr a.ftpr roth•r 
••dO• r tgnt posaoon 

Figure 2. The Mechanical Structure 
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Figure 3. The Top View of the Platform 

In addition to the cutting platform, the frame also 
supported a mobile steel wedge. The design of the system 
allowed easy adjustment of its position. The wedge was 
mounted on a pneumatic cylinder assembly, allowing 
vertical motion. To ensure that the cut would be made 
exactly between two linked blocks, three roller bearings 
(NTN single row, double shielded radial ball type) located 
at the bottom of the wedge, allowed the logs to move 
slightly left or right. A Telemechanique rod plunger-type 
limit switch attached to the wedge support assembly 
determined when the proper cutting position had been 
achieved, allowing the cut to be made. 

Control System. The control circuitry of the machine was 
composed of three major parts: a micro-controller, a pair of 
valve-driver circuits, and a power supply (Fig. 4). At the 
heart of the system was a Motorola M68HC 11 micro
controller board [2,3,4] which stored an Assembly 
Language program that dictated the operation of the 
machine. Two signal inputs informed the micro-controller 
when the desired log count had been reached and when the 
limit switch had been activated. Two output signals from 



the micro-controller triggered the valve-driver cir~uits that 
operated the pneumatic cylinders. Each valve-driver 
consisted of a circuit based on a 2N2222 transistor and a 
5V SPDT 2Amp relay which provided the power needed to 
activate a solenoid ARO alpha series ported spring-return 
valve. The power supply was designed to provide a 
regulated 5V output for the micro-controller and an 18V 
output to power the solenoid valves and the valve-driver 
circuits. 
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Figure 4. The Diagram of the Controller 

Operation. The operation of the developed system can be 
described in the following steps (Fig.5): 
• The micro-controller waits for a trigger signal from 

· either the log counter or the manual switch. 
• When the trigger signal is received, the wedge is 

brought down, immediately pinning the linked-logs 
and temporarily halting their flow. 

• If the wedge fails to land exactly in between two logs, 
it will push the logs left or right until it reaches the 
center of the two. The low friction of the bearings 
mounted on the tip of the wedge helps to displace the 
logs left or right effectively. 

• If the wedge hits the center of a log, it may not force 
the logs to move sideways in order to find the lowest 
point. When this occurs, the force that builds up on the 
logs eventually pushes them forward allowing the 
wedge to find the center. 

• When the wedge reaches the lowest possible point 
between the two logs, a limit switch is activated. A 
signal is then sent to the micro-controller which 
activates the cutter. 

• After the cut is performed, the cutter and the wedge 
are moved up to their resting positions. 

• The process is then repeated. 
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Figure 5. The Operational Diagram of the System 

Figure 6. The Developed Machine During the 
Cutting Operation 

RESULTS 
The LSS satisfied all design goals. The wedge consistently 
pinned logs and cut the metal strip just between the logs in 
less than 3 seconds (Fig.6). The flexibility of the initial 
mechanical design and the microprocessor-based controller 
were the main factors for the success of the system. For 
example, the relative position, movement speed, and 
timing of the wedge and the cutter, were easily adjusted. 
Furthermore, · several modifications, including the 
installation of a limit switch and a relay to stop and start 
the conveyor temporarily, which is feeding the logs, before 
each cutting cycle to prevent the build up of the logs during 
the cutting operation, were perforn1ed without 
complication. 

CONCLUSION 
Industrial machinery must be reliable to continue 
production without unnecessary interruptions. With the 
designed and manufactured syste1n the actual cutting 
period is decreased almost 20 seconds per cycle which 
means a 50% to 1 OOo/o production increase depending on 
the size of the log strip. The performance of the LSS has 
met the design goals at this stage. 
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Contactless Gripper For Silicon Wafers 

Ju Jin and Tachung C. Yih 

Ab.stroci--Th.is paper describes a contact-less 
robot gripper for silicon wafers, which is part of 
the preliminary research project to develop 
contact-less wafer manipulators for use in Ultra
High-Vacuum (UHV) and ultra-clean 
environments. A silicon wafer with_ a ~i.oe!l 

diameter has been suspended successfully without 
any mechanical contact by actively controlling the 
electrostatic attractive force acting on it. The 
suspension is confirmed by observing the output of 
displacement sensors. 

NOMENCLATURE 
The symbols used in this paper are listed 

in Table 1, where i = 1, 2, 3, 4. The 
superscript "-" denotes total value, and the 
subscript "e" denotes valu~s at the 
equilibrium state. 

P=iaiviry of air faradlm 

Area ot' each of outer eicarode m-

m Mass of water kg 

R
5 

Disano: oi sensors from origin of coordinate system m 

Rt Disano: of cenrer of force from origin of coordinate system m 

R... Rddius of wafer m I 
~ Inertial. momcnrum about :t axis kg· m-

IY I Inertial momcnrum about'! axis 

zi G~ between elcarodc No. i and wafer m 

Ci Caoacitana: between electrode No. i and wafer famd 

N 
I 
I 

m ! 
tad I 

Fi I E!caroswic force generated by electrode No. i 

Zc I Displacement of =ter of wafer 

8:-t Roil angle 

8 v Pitch angle lrad 
F z I Force in vertical direction N 

N·m 

My Torque about '! axis N·m 

Vi I \Ol.rage applied on elearode No. i v 

Ze !Equilibriwn gap m 

Ve Bias voltage applied to c::JCh of outer electrodes v 

Fe I Elearostatic force ar equilibrium state N 

K i j Proportional coefficient of conouller No. i VIm 

Di j Derivative coefficient 0t' concroller :-.lo . i V ·Sim 

The authors are with the Department of 
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I. INTRODUCTION 

Electrostatic suspension is a technique 
that levitates an object by controlling an 
attractive electrostatic force acting on it. 
Compared to magnetic suspension, 
electrostatic suspension has not been studied 
extensively, because there are difficulties 
associated with the high-voltage levels 
required to achieve suspension. Early 
research on electrostatic suspension was in 
relation to "electric vacuum gyros," which 
were used as an inertial reference in the 
navigation system for Polaris submarines [1 ]. 
In recent years, this technique seems to have 
been revived because of the following two 
main reasons: (1) Its usefulness in the 
elimination of friction and physical contact in 
micro-actuators and micro-motors has been 
widely recognized, and electrostatic 
suspension for micro-bearings has been 
experimentally studied [2]. (2) Its advantages 
over magnetic suspension are becoming 
more and more apparent. While magnetic 
suspension can only suspend ferromagnetic 
materials, electrostatic suspension can 
suspend a variety of materials such as metal, 
semiconductors, and dielectrics. It follows 
that, in this paper, we describe an 
experimental electrostatic silicon wafer 
suspension system which is part of the 
preliminary research to develop contact-less 
wafer manipulators for use in Ultra-High
Vacuum (UHV) and ultra-clean 
environments, both of which are necessary 
for the manufacture of the new generation of 
semiconductor devices. 



II. MODEL OF SUSPENSION SYSTEM 
A. General Equation of Motion 

Fig. 1 is a schematic representation of the 
experimental system which defines the 
coordinate system to be used in our analysis. 
Four electrodes are mounted in a planar 
array, as shown in Fig. 2. The movement of 
the wafer can be controlled in three degrees 
of freedom: one associated with the 
translation motion in the vertical direction~ 

~ 

the other two with the rotationar motion, 
roll, and pitch. Generally, they are described 
by three second-order nonlinear differential 
equations. However, in a real suspension 
system, the following two assumptions are 
usually reasonable. (1) The roll and pitch 
angles are very small so that 
cos ex, cos ey -1 and sin ex, sin ey ... 0. 

(2) The product of velocities and angular 
velocities are small and can be ignored. With 
these simplifications, the equations of motion 
of the wafer can be written as 

where 

ft/m 0 0 I 
em = loa 1 I IX 0 and 

0 1/ Iy 

(1) 

mR 2 
I =I =--w-

x y 4 

The position and orientation of the wafer 
can be calculated from the outputs of three 
gap sensors. In the experimental system, the 
sensor positions sit at the comers of an 
equilateral triangle which can be 
circumscribed by a circle of radius Rs. 

(2) 
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where 

The total force and the torques can be 
obtained from the forces generated by four 
electrodes. Each of the distributed field 

Fig. 1 Schematic of experimental system 

Fig. 2 Electrode pattern 



forces generated by four electrodes can be 
treated as an equivalent concentrated force 
with its point of application at the center of 
the electrode. Centers of the three outer 
electrodes sit at the comers of an equilateral 
triangle which can be circumscribed by a 
circle of radius Rf . 

where 

1 

0 
B== 

0 

0 

(3} 

-1 -1 -1 

R1 I 2 R1 I 2 0 

- .J3R I I 2 .J3R I I 2 0 

From Eqs. (1) and (3), we have 

+ Cm xB mg (4) 

This is the general equation of motion of the 
wafer. 

B. E Zectrostatic Attractive Force 
In our experimental systems, the area of 

each of the outer three electrodes are the 
same, and the area of the central electrode is 
three times that of a single outer electrode. 
The bias voltage applied to the outer 
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V4 

~ 
C4_--'9'_ 

Fig. 3 Equivalent circuit 

electrodes is positive, and the voltage applied 
to the central electrode is an average of the 
voltages applied to the outer electrodes but 
has opposite polarity. Thus, the net potential 
of the wafer is maintained at zero voltage. 
Mathematically, the voltage relationship is 

(5) 

In this case, the equivalent circuit of the 
experimental system is illustrated in Fig. 3. 
Because of the overlapping area of the 
electrodes and the wafer are large when 
compared to the gap, the respective 
capacitances can be expressed to a close 
approximation as 

and the respective attractive force generated 
by four electrodes are 

(7) 

It is noted that the gap between the central 
electrode and the wafer can be calculated 
from the output of displacement sensors 

(8) 



Inserting Eqs. (5) and (8) into Eq. (7), we 
have 

(9) 

C. Simplified Equation of Motion 
When the suspension system is at the 

equilibrium state, the wafer is stably 
suspended under the electrode _ at the 
equilibrium gap Ze • The same positive 
voltages, Ve , are applied to the outer three 
electrodes and a -Ve voltage is applied to the 
central electrode. 

Next, let us simplify the above equations 
near the equilibrium state. First, we may 
express each of the variables as a sum of the 
value at the equilibrium state plus a variable 
term which is small compared with the 
equilibrium state magnitudes. 

Zl =- ze +Zl 

z2 =- ze +Z2 

Z3 =- ze +Z3 

~=V:+~ 

~=V:+V2 

~=V:+¥; 

v =- - v - (~ + v; + v;) 
4 e 

3 

With these formulae, we can simplify the 
force of Eqs. (7) and (9) as 

r~l Fl r~1 
F. 1- C1 x F2 + 1 IF, ( 1 O) 

:j F3 3 
F4 
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where 

Fl vl ~ 

F2 - v2 K- ~ Kz v (11) 

F3 v3 Z:3 

and 

100 
010 esV2 

cz =- F =--e-
001 e 2z2 

e 

111 
(12) . 

K == e sV: K =-
e sV2 

e 
v 2 z z3 

ze e 

It is obvious that in the equilibrium state, the 
following condition is satisfied. 

(13) 

Inserting Eqs. (10) and (13) into ( 4), the 
simplified equation of motion of the wafer 
can be obtained. 

Fl 

= c m X c I X Cz X F2 

F3 

IV. CoNTROL STRATEGY 

(14) 

From Eq. (7), we can easily find that the 
attractive force is inversely proportional to 
the square of the gap between the electrode 
and the wafer, and so the suspension system 
is inherently unstable without control of the 
applied voltages. In our experiment, A local 
control method, one in which the individual 
gaps at each outer electrode are controlled, 
is utilized as shown in Fig. 4. The outputs of 
three displacement sensors are respectively 
fed into three compensators as feedback 
signals. The compensators compare each 



signal with the reference value and regulate 
them using PD control. Next, the 
compensator outputs are amplified by de 
high-voltage amplifiers and then applied to 
the respective outer electrodes. The 
mathematical description of this control 
strategy is as follows, 

v;_ ~ l ill 
V2 =Cpx Zz +Cdx i2 
v3 ~J ~J 

(15) 

where 

(16) 

l 
Combining Eqs. (11), (14), (15), and (2), we 
have 

zc 
-Cm xc, xCz xCzp xC;1 

X ex = 0 

ey 
(17) 

where 

[

KlKv -K= 0 0 

Czp = 0 K 2Kv -Kz 0 

0 0 K3Kv -Kz 
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~----------~PD~------------~ 

Fig. 4 Local control strategy 

Fig. 5 Experimental System 

[

D1Kv 0 0 

Czd == 0 D2Kv 0 

0 0 D3Kv 

It is obvious that for a proper choice of the 
matrices of control parameters defined in 
formulae (16), the system can be stabilized. 

V. EXPERIMENTAL WORK 

A. Experimental System Configuration 
The experimental system we have 

developed for suspending a silicon wafer is 
shown in Fig. 5. The four copper electrodes, 
as shown in Fig. 2, are formed on a plate by 
an etching process. The area of each of the 
three outer electrodes, which together form a 
ring, is about 12 cm2

, and the area of the 



circular central electrode is 36 cm2
• The 

electrode plate can be leveled by three 
micrometer positioning screws. The 
suspended object, a 9.1 g silicon wafer with 
a 4-inch diameter, is initially placed on top of 
three additional micrometer positioning 
screws. Then by adjusting the height of each 
micrometer positioning screw, the wafer can 
be leveled and the initial gap can be set. In 
our experiments, the initial gap was set to 

~ 

410 Jlm. To measure position and 
orientation, three optical displacement 
sensors are located beneath the wafer. The 
sensor positions sit at the comer of an 
equilateral triangle which can be 
circumscribed by a circle with a 45 -mm 
radius. 

B. Experimental Results 
The experimental goal is to pick up and 

hold the wafer in a stable equilibrium 
position under the electrode plates at a gap 
of 400 Jlm, which can be verified by 
observing outputs of displacement sensors. 
The experimental conditions are shown in 
Table 2, and the experimental procedur~ is as 
follows: (1) The electrode plate is leveled by 
three micrometer positioning screws. (2) 
The wafer is leveled and placed under the 
electrode plate at a gap of 410 J.lm. (3) The 
de high- voltage amplifier is switched on, and 
bias voltages of 670 V and -670V are 
respectively applied to the outer and central 
electrodes. ( 4) The control units are 
switched on, control voltages are applied to 
electrodes, and the wafer is picked up. The 
control strategy we have used is local 
control (discussed in Section IV). Fig. 6 
shows the gap variations when control units 
are switched on. We can see from Fig. 6 
that after a transient process, the wafer 
finally reached a stable equilibrium position. 
From the outputs of three sensors, the gaps 
at the three observing points are respectively 
394, 396, and 394 f.lm. Fig. 7 shows the 
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Table 2. Experimental condition 

s " 12em- ve 670V 

m 9.1 g Kl 23.8 V/p,m 

Rs 45mm K2 23.8 V/p,m 

Rt 42.5 mm K3 23.8 V/p,m 

1\v 50mm Dl 0 V· s/m 

~ " 56.9 g ·em- D2 OV· s/m 

IV " D3 OV·s/m 56.9 g ·em-
.I 
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Fig. 6 Gaps variation during picking-up 

voltage variations during the picking-up 
process. 
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Fig. 7 Voltages variation 

The suspension shown in Fig. 6 was 
achieved by merely proportional control. It 
is believed that there is a damping effect on 
the wafer as air is forced in and out of the 
gap. Because the gap is significantly smaller 
than the radius of the wafer, the air in the 
gap can be modeled as a squeeze film [8]. 

In addition, . we have found that the 
motion of the wafer in the longitudinal and 
lateral directions are passively restricted. It 
is believed that the potential well in which 
the wafer sits during suspension conditions 
gives rise to this characteristic. This fact 
shows that the suspension unit can be 
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incorporated into a moving system without 
additional mechanisms to prevent the wafer 
from "slipping" out of its suspended position 
in these degrees of freedom. 

VI. CoNCLUSIONS 

A silicon wafer has been suspended 
successfully by controlling an electrostatic 
force acting on it. This achievement now 
opens the door to develop contact-less wafer 
manipulators for use in Ultra-High-Vacuum 
(UHV) and ultra clean environments, both of 
which are necessary for manufacturing the 
new generation of semiconductor devices. 
We believe Ulat this research can find wide 
industrial applications in the future. 
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1 Introduction 

More often then not it seems that the majority of 
university study in the field of robotics is limited 
to paper studies and computer simulation. Un
derst anding such simulation results usually requires 
some experience and often time a good physical in
sight . It would seem, especially from the student 
point of view, that a simple , but versatile, manipu
lator in t he lab would greatly improve the research 
and course project environment. 

The initial goal of this project was to develop 
a planar lOR robot arm that would be used in 
the study of path-planning and control of hyper
redundant manipulators. Since only a limited num
ber of actuators , drivers , and other materials were 
available through corporate donations 1 the design 
needed to be modular. A good modular design 
would allow addit ional links to be added as re
sources become available. This modularity is also 
very desirable in t hat it also allows for easy change 
of configuration as might be required by a particu
lar application. 

To overcome the funding difficulties of such a ma
nipulator , we have taken the approach of student 
groups performing the development under faculty 
guidance . The mechanical design of the manipu
lator discussed in this paper was done as a senior 
design project during the 1995-1996 school year 2 . 

The group consisted of five mechanical engineer
ing seniors ; Arnold Samreth , Greg Livingston, Jose 
Barreiro , Russel Bader , Jason Tyler , and their fac
ulty advisor Dr. Larochelle. The joint control and 

. 
1 

Sponsoring Organizat ions: GSMA Systems Inc. , Na
twnal Aeronautics and Space Administration Automation 
Sal~s Inc . , and Parker Hannifin Corp.-Compu~otor Division 
. MA E-4191 & JfAE-4192 Mechanical Engineering De-

sign taught by Prof. P . S tiles 
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dynamics analyses were given as side projects to the 
team of graduate students co-authoring this paper. 

2 Mechanical Design 

One of Florida Tech 's 1996 senior design projects 
was to design and fabricate a robotic arm , see Fig. 1 
and Fig. 2. Senior design projects are restricted by 
lack of time and small budgets therefore making the 
design a challenge. There were three mechanical de
sign areas to be considered for the Florida Institute 
of Technology Robot Arm Project (RAP): base, 
arm, and power transfer. The base section includes 
the motor mount for the first link and a leveled sur
face for the arm to operate on. The dimensions of 
the motor mount are 20x46x46 em. The mount was 
built out of 80x80 mm aluminum extrusion. This 
material was selected because of its high strength 
to weight ratio and ease of machining. The mate
rial was donated by GSMA systems. The motor 
mount allows for a centralized shaft to protrude up 
from the assembly through the table surface. The 
first link is driven by a motor below the table and 
is attached to the shaft above the table. Each link 
is .5 m long and weighs approximately 10 kg. The 
frame for the table was constructed from the same 
aluminum extrusions to support the table 's surface 
made of anodized aluminum. The table housing 
had to be large enough for the motor mounts , the 
base motor , and the drivers of the future links . 

The design considerations for the arm links are 
that each of the links must be modular and maxi
mize each joint 's rotation. To make the links mod
ular a frame design had to be developed to allow 
the links to be completely interchangeable. The 
frame is made from 40x80 mm aluminum extru
sions , which are easily machinable and have a high 



strength to weight ratio. Each links frame is made 
out of aluminum. The upper and lower lengths are 
capped at the end leading. to the base by an alu
minum cap and at the other end by the actuator 
which drives the next link. The cross section of 
the link was designed to house the actuator so that 
it would not extend beyond its aluminum frame. 
Both ends of the frame were capped by an alu
minum "A" frame piece. Two separate "A" frame 
designs were required. One to support the bearings 
and the shaft to the next link and another to clamp 
the link to the shaft of the previous link. 

DC electric stepper motors were donated by 
GSMA. The senior design group decided to use 
bevel gears to transfer the torque of the stepper 
motor to the joint axis of the link. This allows for 
the output of the stepper motor to be converted to 
a rotational motion about the shafts vertical axis 
and enabled the actuators to be mounted horizon
tally along the link 's major axis. Thereby elimi
nating moments about the arm 's longitudinal axis. 
The bevel gear has the advantage that it can be 
directly driven with a high mechanical efficiency, 
Spotts 1985. 

3 Actuators & Sensors 

Each link requires an adjustable speed actuator 
which could be controlled smoothly throughout it's 
range of motion. This includes reversing the out
put shaft rotation without power circuit switching. 
DC motors have a high torque-to-inertia ratio and 
therefore respond quickly to control signal changes. 
Stepper motors were selected because they can op
erate at high speed , have good accuracy, are readily 
a~ailable, and are. easy to control. The Compumo
tor Plus CP83-150's were selected because they 
have usable torques at low speeds due to higher cur
rents made possible due to the thermal efficiency of 
the motor's filtered amplifiers. Another added ben
efit of these motors is their resolvers, which give 
accurate feedback of the position of the link. 

4 Control System 

The control of the manipulator is performed from 
a 386 PC using Compumotor PC23 Indexer boards 
to interface with the motor drivers. Each indexer 
board installed on the 386 can communicate with 
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up to three separate motor drivers. The PC23 in
terface software provides a control interface to each 
motor where commands may be issued from com
mand line mode, program mode , or from a joystick. 

Currently, there is 1 PC23 board installed with 
power (5VDC) supplied from an external source. 
The motor drivers being controlled are Compumo
tor models: SR-1100-A2 which controls the base 
joint actuator and CPH-Drive-R which controls the 
actuators for joints 2 and 3. Each of the drivers use 
standard 110VAC/60Hz wall power to amplify the 
command signal received from the indexer before 
sending it to the actuators. 

Each of the actuators contain a resolver which 
gives motor count information back to the con
trollers. The resolver count is compared with the 
command sent from the indexer board to determine 
when the move is complete. This , in effect, g1ves 
rough position information for the joints. 

5 Current Status & Future 
"Work 

The final goal of the RAP project is to have a ten 
link, i.e. ten degree of freedom , system. The robot 
that is currently in the lab consists of two links 
and the base section , all with actuators installed. A 
simple third link can be installed since it's actuator 
is already installed in the second link. 

In order to overcome unpredictable problems 
that arose during the construction of the Florida 
Tech RAP, short term solutions had to be imple
mented while long term solutions can be designed 
and put into effect. Each link weighs 10 kg there
fore if more are attached a larger moment is created 
at the shaft . The moment created by the weight of 
the links caused the shaft to bend noticeably and 
caused the robot's motion to go out of the plane. To 
rectify this problem a combination of solutions will 
be used. As a short term solution a caster has been 
installed at the end of the first link to help support 
the weight of the links , see Fig. 3. This creates a 
new fulcrum point which greatly decreases the mo
ments at the main shaft. This caster returned the 
arm to its desired planar motion. As a short term 
solution the caster was acceptable. In the future we 
plan to replace it with a ball transfer roller which is 
superior to the caster solution in that it allows 360 
degree motion in the plane. This freedom of move
ment will remove possible drag of the caster due to 



Figure 1: RAP Current Configuration 

Figure 2: RAP Top View 
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Figure 3: RAP Joint Close-Up 

forces generated by the arm attempting tangential 
motion while following a circular path. This ball 
transfer can be installed on any additional link to 
help support its weight and thereby decrease the 
moment it generates upon previous shafts. The fi
nal solution to this problem is the mounting of air 
bearings beneath each individual link to support 
it. This will also require the construction of a new 
base. Moving the center of mass of each link, by 
moving the motors closer to its preceding link, will 
decrease the moment generated at by each link by 
shortening the moment arm. An extended shaft or 
belt will have to be run to the driver gear in order 
to actuate the next link. The base shaft will be 
redesigned in order to handle the moments created 
by the addition of more links. 

A Compumotor SR series magnetic motor will 
be installed to actuate the base link, see Fig. 4. 
This brushless direct drive motor provides very high 
torques and resolutions that will be needed when 
multiple links are attached, therefore reducing the 
need for mechanical methods such as reducers. As 
a result of the installation of this motor a new drive 
shaft for the base link must be designed, which will 
be able to support larger moments. 
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6 Conclusions 

The construction of the RAP base and the first two 
links was completed last year. The joint control and 
dynamic analysis are ongoing projects being worked 
on by graduate students. We are also working on 
connecting the drivers to a personal computer and 
operating the actuators in each link. The plans for 
the future of the RAP evolves as new problems are 
encountered and new parts are acquired. 
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Figure 4: RAP Base Joint Motor 
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Abstract - Global competition, and effective information 
exchange created very demanding markets. 
Manufacturers should strive to develop their high-tech 
consumer products in a very short period of time. State
of-the-art electrical and electronic components should be 
packaged in an appealing housing with the lowest possible 
cost. The esthetic, feeling, reliability, and quality of the 
product should be on a par or better than the competitors'. 
Manufacturers should prepare prototypes with the final 
mechanical characteristics of the products, carefully test 
them, and improve their design until all the expectations 
are met. The housings of most of these products are made 
of plastic and are prepared by using prototype molds. 
Typically, the production molds required three to six times 
more preparation time. The cost of the manufacturing 
molds were approximately three times more. Prototyping 
allowed complete testing of the product and correction of 
the flaws before the product was introduced to the market. 

INTRODUCTION 
Global competition and effective information exchange 
changed the characteristics of the market. The typical 
customers of high-tech products want esthetically 
appealing, very reliable products with all the state-of-the
art features. Many customers select the products after they 
read articles that compare the performances of available 
products. Once the decision is made they can acquire the 
products of almost any manufacturer in the world through 
the excellent global transportation systems. To survive in 
these market conditions, manufacturers should develop 
their products in a very short time with all the state-of-the
art features, completely test their performance, quality, 
feel , appearance and reliability. In many cases, these 
products should also conform to a series of industrial and 
military standards. Depending on the product, tens to 
hundreds of prototypes should be prepared, tested, 
improved, and re-tested until the product reaches its goals. 

One of the most important factors that affect the future of a 
product is the plastic parts including the housing. The 
appearance, feel, and durability of the product depend 
mostly on these plastic parts which holds the mechanical, 
electrical and electronic components. The plastic parts of 
the first prototypes can be manufactured by using various 
rapid prototyping methods [1 ,2]. However, the 
dimensional accuracy and mechanical properties of these 
first prototypes are not the same with the final product. 
They cannot be used for many tests to evaluate impact 
resistance, tightness of assembly, wear related problems, 
fatigue related failure. The best approach, to evaluate the 
dimensional accuracy and mechanical properties is to 
prepare the parts of the prototypes by using plastic material 
which has the same characteristics of the final part in the 
following stages of the project [3]. Prototype molds are 
prepared and tens to hundreds of parts are made by using 
injection and compression molding methods. 

In this paper, stages of prototyping, preparation of 
prototype molds, and a case study are presented. 

STAGES OF PROTOTYPING 
After the design engineers confirm that the housing, 
support elements, and lenses have the desired shape, the 
prototype mold preparation starts. At this stage mechanical 
and manufacturing engineers work together with ex1emal 
sources (Fig.l). The goal is to improve the product to 
achieve the desired appeal, feel , durability, and assembly 
easiness. After the group agrees on the design, the 
prototype mold is prepared and tens to hundreds of parts 
are manufactured by using injection or compression 
molding. The parts are assembled and the performance of 
the product is eYaluated. If necessary, the design is 
modified, and the operation is repeated until the group 
agrees on the final design. At this stage, production molds 
are prepared and mass production starts. 
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Figure 1. Stages of prototype preparation 

PREPARATION OF THE PROTOTYPE 
MOLDS FOR INJECTION MOLDING 

Prototype molds should be prepared in the shortest possible 
time and should cost as little as possible. The typical 
prototype mold has two main sections, shell and inserts. 
The shell has the cooling pipes and carries the injection 
pins. The inserts are made of mostly steel or aluminum 
depending on the number of parts to be made. The cavities 
are prepared using these inserts. Inserts are installed 
inside the shell for injection molding of parts. 

Manufacturing engineers start with the Computer Aided 
Design (CAD) drawings of parts. They design the cavities 
of molds and select the best approach to manufacture them. 
Mainly, either the cavities are made by using milling or 
EDM operations. For the milling operation a tool path is 
generated by using a Computer Aided Manufacturing 
(CAM) software package. For the EDM process, an 
electrode is prepared with milling operations and the cavity 
is created by using the electrode on the EDM machine. 
Depending on the complexity, and depth of the cavity, one 
or more electrode should be used to eliminate the errors 
created by the electrode wear. After the cavities are 
~r~at~d, the inserts are installed the shell, runners and 
mJection pins are prepared. The plastic parts are 
manufactured on the plastic injection machine. This 
prototype preparation process is presented in Fig.2. 

CASE STUDY 
Complete evaluation of the quality of a Motorola product 
was necessary before the final version of the parts was 
manufactured by using the production molds. Steel molds 
for the limited production were prepared between 7 and 25 

days. The typical cost of the molds were between $5,600 to 
$18,500. The quotes were taken for production molds. The 
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Figure 2. Prototype preparation process 

outside sources required 6 to 12 weeks to prepared the 
molds at a cost between $14,800 and $64,990. Typically, 
the production molds required three to six times more 
preparation time. The cost of the manufacturing molds 
were approximately three times more. Prototyping allowed 
complete testing of the product and correction of the flaws 
before the product was introduced to the market. 

CONCLUSION 
Preparation of prototypes are discussed for high-tech 
product manufacturing. Currently, injection molded 
prototype parts are an excellent tool to evaluate the 
appearance, feel, quality, reliability, durability, and 
performance of the product. Tens to hundreds of prototypes 
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can be manufactured by using these parts and the product 
can be thoroughly tested before it comes to the market. At 
this stage, the design can be changed based on the test 
results to make the parts better and to simplify the 
assembly. Simplifying the assembly process will reduce the 
cost. 
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Abstract 
This paper presents a novel time-based visual 

moti0n cue called the Hybrid Visual Threat Cue 
(HVTC) t11at provides some measure for a change in 
relative range as well as absolute clearances, between 
a 3D surface and a moving observer. It is shown that 
the HVTC is a linear combination of Time-To-Contact 
(TIC), visual looming and tl1e Visual Threat Cue 
(VTC). The visual field associated witl1 tl1e HVTC can 
be used to demarcate t11e regions around a moving 
observer into safe and danger zones of varying degree, 
which may be suitable for autonomous navigation 
tasks. The HVTC is independent of t11e 3D 
environment and needs almost no a-priori infonnation 
about it. It is rotation independent, and is measured in 
[time-1] units 

Several approaches to extract the HVTC are 
suggested. Also a practical method to extract it from a 
sequence of images of a 3D textured surface obtained 
by a visually .fzxating, fixed-focus monocular crunera in 
motion is presented. This approach of extracting ilie 
HVTC is independent of the type of 3D surface texture 
and needs no optical flow information, 3D 
reconstruction, segmentation, feature tracking. 

Key Words: Active Vision, Visual Navigation, Visual 
Fields, Collision A voidance 

1 Introduction 
The problem of automating vision-based 

navigation is a challenging one and has drawn ilie 
attention of several researchers over ilie past few years 
(see for example [1-5]). When dealing witl1 a moving 
camera-based autonomous navigation system, a huge 
amount of visual data is captured. For vision-based 
navigation tasks like obstacle avoidance maintain in o 

' 0 

safe clearance, etc., relevant visual information needs 
to be extracted from t11is visual data and used in real
time closed-loop perception-action control system. fn 
order_ to accomplish safe visual navigation several 
quest.Jons need to be answered, including: 

1. What is tl1e relevant visual information to be 
extracted from a sequence of images? 

2. How does one extract tJ)iS infonnation from a 
sequence of 2D images? 

3. How to generate control conunands to tl1e 
vehicle based on the visual infonnation extracted? 

This paper is focused on ilie first two of tl1e above 
mentioned questions. It presents a new visual motion 
cue, we call tl1e Hybrid Visual Threat Cue (HVTC) 
that provides some measure for a change in relative 
range as well as clearance, between a 3D surface and 
an observer in motion. It is shown tl1at tl1e HVTC is a 
linear combination of tl1e Time-to-Contact [6], ilie 
Looming [7] and t11e Visual Threat Cue (VTC) [8,9]. 
The HVTC is independent of t11e 3D environment and 
needs almost no a-priori infonnation about it. It is 
rotation independent, and is measured in [time-1] 
units. Corresponding to t11is visual cue t11ere is a visual 
field associated witl1 the observer in motion iliat can be 
used to demarcate ilie regions around an observer in 
motion into safe and danger zones of varying degree 
suitable for autonomous visual navigation. 

Several approaches to extract the HVTC are 
suggested. A practical met11od to extract ilie HVTC 
from a sequence of images of a 3D textured surface 
obtained by a fixated, fixed-focus monocular crunera in 
motion is also presented. For each image in such a 2D 
linage sequence of a textured surface, a global variable 
we call ilie Image Quality Measure (IQM) is obtained 
directly from the raw data of the gray level images. 
The HVTC is obtained by calculating relative temporal 
changes in ilie IQM. This approach of extracting the 
VTC does not depend upon ilie type of texture in the 
3D scene and is suitable for many textured 
environments. It needs no optical flow information, 3D 
reconstruction, segmentation, featllre tracking, pre
processing and can· be extracted directly from t11e raw 
gray level data of images. The process of extraction can 
be seen can be seen as a sensory fusion of focus, 
texture and motion at t11e raw data level and needs 

• This _work was supported in part by a grant from t11e National Science Foundation, Division of Infonnation, 
Robot.Jcs and Intelligent Systems, Grant# IRI-9115939 
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almost no camera calibration. This algorithm works 
better on images obtained from natural scenes 
including fractal-like images, where more details of the 
3D scene are visible in the images as the range shrinks 
and also can be implemented in parallel hardware 

2 The Hybrid Visual Tlu·eat Cue (HVTC) 
2.1 Definition 

Mathematically the Hybrid Visual Threat Cue 
(HVTC) is defined as follows (for R > R0 ) [10]: 

~( R) .:!_(R) .:!_(R) 
ENTC = ilf..:.__ - 2 _d_t - + ~ dt 

.!!._ ( R) R ( R ··· ~) R 
dt 

(1) 

where R is tl1e range between the observer and a point 
of visual fixation on t11e 30 surface, d(.)/clt is the 
differentiation of (. ) wit11 respect to time and Ro is t11e 
desired clearance (it is the distance to which tl1e 
cmnera is focused to initially and has the same units as 
R) as shown in Figure (1). Note tl1at the units of the 
HVTC are [tiine-1]. The HVTC is dependent only on 
the observer's translational velocity component but is 
independent of relative ro~1.tion. 

The HVTC is a combination of the Time-to
Contact [6], the Looming [7] and the VTC [8,9] (see 
[10]). Motivation for tl1e definition HVTC is presented 
next. 

2.2 Motivation for the definition of HVTC 
A blurred linage acquired by a crunera can be 

viewed as the result of convolving an image in perfect 
focus with the Point Spread Function (PSF) of t11e 
crunera, assuming the crunera to be a linear shift 
invru-iant system [13]. The PSF of a convex lens can be 
approxiinated by a 20 Gaussian function (see for 
example [12,13]). By assuming a Gaussian PSF for t11e 
convex lens. the relation between blurred image and 
image in perfect focus can be written as follows: 

. .. _ l X
2 +y 2 (2) 

H(x ,y, ( ) - --, exp(---., -)® F(x,y) 
2rr"'- 2y-

where H(x,y,y) is tl1e blurred image, F(x.y) denotes the 
image in perfect focus, l ( X

2 + Y
2

) is tl1e 
~ --exp----

2rr:."' 1 2( 2 

Gaussiru1 PSF of tl1e lens, y denotes the standru-d 
deviation of the PSF, 0 denotes convolution 
operation. 

Note t11at in Equation (2) no a-priori infonnation 
F( x,y }, y is available. All the information tl1at is 
available is a 2D blurred image for a given y denoted 
as H(x.y, y). 

Equation (2) can be expressed in frequency 
domain as follows: 

H(u . v;y)=exp (-y; (u ~ + v 1 ))F(u.v) (3) 
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where H(ll, v, y) is t11e fourier transfonn of tl1e blurred 
image H(x,y, y), and F(u, v) is the Fourier transform of 
F(x,y ) and y is tl1e standard deviation of t11e PSF of the 
lens (y is proportional to cr (13]) 

Using Equation (3 ), an expression for t11e Power 
Spectral Density (PSD) of the blurred image can be 
obtained as follows: 

l (u,v) = H(u,v,y )H(u, v, y)· (4) 

Equation (4) is the basis for deriving the HVTC. 
Taking natural logaritllms on bot11 sides of Equation 
(4) and witl1 a few mat11ematical manipulations we 
arrive at the following [10]: 

d 1 (M (u , v)) 
(5) dt ~ =~+~ 

d(M (u, v) ) ~ cr 
dt 

where M(u, v) is the natural logarithm of I(u, v) (i.e., 

M(u ,v) = ln(I(u,v))), cr is the radius of blur circle, cr 

and ;; are first and second derivatives of cr wrt tune 
respectively 

Equation (5) presents a relation between the 
temporal variations of measurable linage entities 
nrunely the natural logarithm of the PSD of the linages 
(denoted as M), and tlle relative temporal variations in 
t11e radius of the blur circle a-. Equation (5) is 
independent of tl1e frequency components (u, v) as well 
as constant k 1• Since Equation (5) is independent of k~. 
and hence no crunera calibration is required to extract 
the HVTC. 

For a t1xed-focus camera that is initially focused to 
some range Ro (see Figure (2)) an expression for the 
radius of blur circle cru1 be derived as follows [8-12]: 

cr =k(-l _ _!_) (6) 
. R0 R 

where cr is the radius of blur circle, k = Fvo , F is tl1e 
f 

focal length of tl1e camera, vo is the dis~-mce between 
t11e image plane and the lens, f is the f-nmnber of the 
lens. For a fixed focus crunera F, f and vo remain 
unchru1ged, hence k can be seen as a positive cons~1.11t 
for a tixed focus camera. 

By combining Equations (6), temporal derivatives 
of Equation (6) and Equation (5) the following relation 
between relative temporal variations of measurable 
image entities (1\tf(u, v)), and t11e corresponding relative 
temporal variations of t11e rru1ge can be obtained: 

d
2

( M(u. v)) .!f._(R) .!!_ R) .!!_ ( R) (7) 
cfl 2 Q..+S!..=~-2~+-R_,.,_~ 

d( M(u. v)) <i cr .!!_ ( R) R (R- R0 ) R 
dt de · 

From Equation (7) it can be seen that t11e entity on 
t11e left hand side (natural logarithm of PSD of linages) 
can be extracted from images. Since this measurable 
entity provides some measure for relative temporal 



vanauons in range as well as clearance between an 
observer and a visual fixation point in the 3D scene, it 
has been detined as a visual motion cue called the 
HVTC (see Equation (1)). In [10], it is shown tl1at the 
I-IVTC is a linear combination of TTC [6], Looming 
[7] and the VTC [8.9]. 

3 Visual Field of HVTC 
The visual fielll of t11e HVTC described in this 

paper is cmalogous to the concept of a visual lield 
suggestell by Gibson [152] and the looming fielll 
fonnulated by Raviv [7]. 

The INTC corresponds to a visual field 
surrounding the moving observer. i.e.. there are 
imaginary 3D surfaces (cotTesponding to t11e HVTC) 
attached to t11e observer that are moving wit11 it. In 
otherwords, for a given value of tl1e INTC, t11ere is a 
con·esponding imaginary surface around the observer 
in motion, t11at produce t11e scune value of the HVTC. 

Since the INTC is a linear combination of the 
following variables: 

d 2 .:!.._( R) 
1. dt" (R) 2· -2.!.l..!..__, 
-- R 
.:!_(R) 
dt 

3. 

the individual visual field associated wit11 each of t11e 
above mentioned entities is presented before t11e overall 
visual field of the HVTC is presented. 

A qualitative plot of visual field associated with 
d" 
dt: (R) is shown in Figure (3). 

d (R) 
dt 

A qualitative plot of visual field associated witll 
d 
-, ( R) . h . F. ) _2 _c_t _ISs own m tgure (4. 

R 
d 

T -(RJ . 
he entity Ro dt ts t11e negative of the 

(R- R0 ) R 

VTC defined in [8,9] and the visual field of which will 
be similar to that of the VTC described in [8,9], which 
is as shown in Figure (5). 

Even though the HVTC is a linear combination of 
tl1e TTC [6], visual looming [7] and the VTC [8,9], t11e 
visual field associated with it is not as simple as t11e 
individual tlelds associated with t11e TrC, the looming 
or the VTC (see Figures [6a, 6b]). . 

There is one region in front of t11e observer and 
one region in back of the observer that produce positive 
values of the HVTC. TI1ere is one region in front of the 
observer and also the back of the observer t11at produce 
negative values of tlle HVTC. rn OtllerwonJs, for tlle 
region in front of the observer t11cre arc two sub
regions one corresponding to positive values of the 
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HVTC denoted as FP (Front Positive) in Figure (6a) 
and t11e ot11er cotTesponcling to negative values of the 
HVTC denotell as FN (Front Negative) in Figure (6a). 
Similarly ror the region in back of the observer there 
are two sub-regions, one corresponding to positive 
values of t11e I-IVTC llenoted as BP (Back Positive) in 
Figure (6a) and the other region corresponding to 
negative values of the I--IVTC denoted as Back Negative 
(BN) in Figure (6a). 

All the points that lie on a particular surface in the 
FP region produce the scune value of tile INTC. The 
points that lie on a relatively smaller surface produce a 
relatively greater value of the HVTC. There is a point 
in t11e FP region (denoted as S in Figure (6b)) on the 
instantaneous translational velocity t, where tile HVTC 
in the FP is the maximum. Similarly all the points that 
lie on a particular surface in t11e BN region produce the 
same value of tile HVTC. Points that lie on a relatively 
smaller surface produce a relatively greater value of the 
I-IVTC. There is a point in t11e BN region (denoted as 
S' in Figure (6b)) on t11e instantaneous translational 
velocity t. where the HVTC is maximum in the BN 
region. Points S and S' in Figure (6b) lie on t11e 
instantaneous translational velocity vector t at a 
disl'Ulce of 2.35R0 units from t11e observer (ti1is is 
based on simulation results for various values of ~). 
RJ being the radius of the desired clearance sphere. 

There are two points (denoted as Z., Z' in Figure 
(6b)) on the instantaneous translational velocity vector 
as shown in Figure (6b), where the HVTC values are 
zero. Based on simulation results, for various values of 
RJ, (R0 being the desired clearance). it can be 
concluded that ti1ese two points are located at a 
distance of 1.5R0 from the observer as shown in Figure 
(6b). 

4 HVTC as Senso1·y Feedback Signal 
As shown in Section (3), t11ere is a visual field 

corresponding to t11e HVTC defined in this paper. This 
visual tield can be used to demarcate the space around 
ti1e observer into safe and danger zones of varying 
degree. For illustration purpose, we chose only three 
such regions namely, the High Threat Zone (HTZ), the 
Low Threat Zone (L TZ) and the Safe Zone (SZ). In 
other words, if an object lies in the HTZ then it poses a 
high threat of collision, if tile same object lies in the 
LTZ t11en it poses a relatively lower threat of collision 
and if t11e scune object lies in t11e SZ t11en it is not an 
obstacle for navigation purposes. 

As indicated in Section (3.4), t11ere are two regions 
in front of the moving observer (see Figures (6a,6b)). 
One region corresponds to positive values of rJ1e HVTC 
and tbe ot11er corresponds to negative values of HVTC. 
Any object lying in tbe front positive region or front 



negative region may become an obstacle for navigation 
tasks. In particular. t11ose objects lying in the front 
negative region. which are located close to the 
instantaneous velocity vector t (i.e .. between R0 and 
1.5Ro, close to ~ see Figure 6b) can pose a very high 
threat of collision of t11e moving observer. The region 
corresponding to FN values (see Figure (6a)) of the 
HVTC is divided into t11ree segments nrunely, HTZ, 
LTZ and SZ as shown in Figure (7). Alt11ough t11ere 
are two regions in front (FN, FP) of t11e observer. 
demarcation of space in this section into safe anti 
danger zones is restricted to FN regions only. A similar 
demarcation scheme is possible for FP regions also. 

If an object is located in the FN negative region of 
the observer, t11en it produces a negative value of t11e 
HVTC value. If this measured value of t11e HVTC is 
less than the t11reshold for the SZ t11en t11e object is 
somewhere in t11e SZ and it is not an obstacle for 
navigation tasks. 

If t11e measured value of the HVTC is nreater t11an 
t11e threshold for the SZ and is small;~ t11an t11e 
threshold for the L TZ t11en the object is located in t11e 
L TZ of t11e visual field of t11e I-:IVTC and may be 
become an obs~'lcle in t11e near future. 

If the measured value of the HVTC is 1rreater than 
~ 

the t11reshold for t11e HTZ then t11e object is in the I-ITZ 
of the HVTC and is a potential obs~'l~le for navination 

~ 

tasks. 
Some problems in using HVTC information alone 

for navigation ~'lsks are outlined as follows: 
1. There are two regions around t11e observer that 

produce negative values of HVTC (BN and FN as 
shown in Figure (7)). If the measured value of t11e 
HVTC is negative, it means the object may be in t11e 
FN or BN region. Hence it becomes a difficult ~1Sk 
to judge the obsmcles location with respect to the 
observer using the HVTC infonnation alone. 

2. When an object is in the FN of the observer, it may 
be located close to or far away from the direction of 
motion (see Figure (7)). The degree of threat of 
collision posed by objects closer to t11e direction of 
motion is higher compared to those located at a 
relatively greater distances from t11e direction of 
motion. 
For instance. in Figure (7) even t110ugh object 1 

and object 2 are located in t11e L TZ of t11e HVTC, 
object 1 is very close to tlle instantaneous translational 
vector t, whereas object 2 is located at a relatively 
farther distance from t. Since botll objects ,u·e located 
in t11e srune zone. it is very difficult to tell if t11e object 
is located closer to t11e observer or far from it, using t11e 
measured values of HVTC. 
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However lllese problems in judgment of t11e 
obstacle ' s location wit11 respect to the observer' s 
ins~'lntaneous translational vector ca.n be overcome by 
fusing infonnation of the visual fields associated wit11 
tllc VTC[R,9J and the TVTC [11] (see [10] for a 
detailed explanation of fusion of t11e visual 
infonnation). 

5 Extraction of HVTC from irnages 
This section suggests several possible approaches 

to extract t11e HVTC from a sequence of monocular 
images. 

The HVTC can be extracted by measuring tlle 
radius of t11e blur circle and its temporal variations. 
Several researchers have suggested various approaches 
to extract t11e radius of t11e blur circle (cr) for 3D scene 
reconstruction ~tsks . These approaches usually involve 
the Fourier transfonn and some times may require 
special purpose hardware to extract to measure cr. 

Pentland [12] proposed two approaches to extract 
dept11 information from defocused images using cr tlle 
radius of t11e radius of blur circle. One approach is 
based on measuring t11e slope of edges in blurred 
images (in focused images tlley correspond to a step 
discontinuity). The approach requires a-priori 
knowledge of t11e location and magnitude of t11e step 
edges in t11e focused images (which is difficult to 
obw.in in real situations). He also suggest~d a second 
approach in which t11e srune scene is viewed with two 
different aperture. Based on t11e focal gradient in the 
image due to varying aperture widths, he fonnulated an 
expression for cr in tenns of the Fourier transforms of 
t11e itnages. A special purpose hardware is suggested 
to obtain two images of t11e srune scene at two different 
width of apertures. 

In [13], Subbarao described three approaches for 
3D dept11-map recovery. The approaches are based on 
variations in the image of a scene due to a small known 
variation in one of the three intrinsic cmnera 
parmneters nmnely, dis~'lnce between me lens and tlle 
linage plane, . focal length of tlle lens and t11e diameter 
of tlle lens aperture. 

In order to extract tlle HVTC from a sequence of 
images using Equation ( 1), we need to extract the 
Power Spectral Density (PSD) of the image window. 
Extraction of the PSD for tlle image window of our 
choice tun1ed out to be compurationally intensive for a 
486-based Personal Computer-based imaging system. 
However if hardware implementation of PSDs are 
available, extraction of t11e HVTC from ima1!es is 
possible using Equation (7). ~ 

In this section we present an a1ten1ate practical 
way to extract tlle HVTC described in Equation (7) 
from a sequence of images, using temporal variations 



of t11e Image Quality l'vfeasure (IQM). It is extracted 
directly from the raw gray level data without 
measuring the Fourier transform or cr . 

5.1 linage Quality Measure (IQI\11) 
Local spatial gray tone variations in an image give 

rise to a visual patten1 in tbe image known as texture. 
TI1ese spatial gray level variations are due to the visual 
characteristics of the 3D scene being imaged, t11e 
illumination. the range between t11e scene and the 
observer, as well as due to camera parameters like 
zoom, aperture. resolution, focus, etc. When t11ere is a 
relative motion between a textured surface and a 
fixated, tixed-focus moving observer, t11e perceived 
texture in t11e 2D image varies. For instance. consider 
the case of a camera that is initially focused to a 30 
surface at a very short dist.:'1nce and gradually moves 
away from tbis surface. As a result, tlle perceived 2D 
image texture varies from one image to another, 
mainly due to focus, i.e., tlle image of the scene in 
perfect focus is very sharp and has many details, t11en 
as the camera moves away from tlle scene. fine details 
gradually get smeared and eventually disappear. When 
the image is in perfect focus. t11e dissimilarity, i.e .. 
spatial gray level variations is very high, and as t11e 
details get smeared the dissilnilarity becomes smaller. 
We describe an IQl\11 to measure the dissimilarity of t11e 
image. Using the relative temporal variations in t11is 
IQM we extract the VTC. 

Mathematically, the IQM is det1ned as follows [8-
11]: 

IQM = l~ltt,LtJpr x,y)-1( x+ p,y+qJ!J (8) 

where I(x,y) is tlle intensity at pixel (x,y) and xi and Xf 
are tlle initial and tinai x-coordinates of tlle window 
respectively ; Yi and Yf are tlle initial and final y
coordinates of tlle window in tlle image respectively 
and Lc and Lr are positive integer constants; and D is a 
nwnber detined as D=(24+lJ><(2l.,.+l)x(x1 -.'i)x(y1 -Y;J· 

One can see from Equation (8) tlle IQl\11 is a measure 
for the dissimilarity of gray level intensity in the image 
(In our experiments we arbitrarily chose a window of 
size 50 x 50 pixels in the center of t11e image and Lc = 
5 and Lr = 4). 

The advantages of using tllis measure are: 1) It 
gives a global measure of quality of tlle image, i.e., one 
number which characterizes tbe image dissimilarity is 
obtaine~. 2) It does not need any preprocessing, i.e., it 
wor~s dtrectly on t11e raw gray level data wit11out any 
spatJo-temporal smoothing or segmentation. 3) It does 
not need a model of the texture and is suitable for 
r_nany textures. 4) It is simple and can be implemented 
tn real time on parallel hardware. 

-31-

5.2 Extraction of the HVTC using IQM 
The IQM described in Equation (8) was applied to 

a set of 12 different textures from Brodatz's album 
[14]. The experimental details are provided in t11e 
following section. Based on our experimental results, 
we observed tllat tlle IQM mentioned above is almost a 
const.:'1nt when tbe range between the surface and t11e 
camera is very large and it increases non linearly as tlle 
camera approached tile distance to which it is focused 
to. We observed that the radius of the blur circle varies 
inversely with the IQM, i.e .. when the texture details 
are sharp. IQM is very high and tlle radius of blur 
circle is almost zero, and vice-versa. Hence for ranges 
greater than tbe initial distance to which tlle cmnera is 
focused to, we modeled the radius of t11e blur circle in 
tenns of IQM as follows: 

1 /QJ\1 ex:- (9) 
(j 

Based on Equations (1, 7,9) the following relation 
between tlle IQM and t11e HVTC can be derived: 

d 2 d 
-, (IQM) -(!QM) 

HVTC = dt· -3 _d_t --
.:!:_(IQM) !QM 
dt 

(10) 

The HVTC obtained by using Equation (22) does 
not need k."l:lowledge about the cmnera parameters like 
the focal number f or tlle focal lengtl1·- F and is 
independent of tlle magnitude of tlle IQM. 

6 Experhnental results and analysis 
A CCD camera is att.:'lched to tlle Coordinate 

Measuring Machine (Cl'YIM) and the texture surface is 
placed in front of tlle camera as shown in tl1e Figures 
(8a,8b ). The maximum dist.:'lnce between tlle surface 
and t11e camera is 900 mm and t11e minimum diswnce 
being 200 mm. The cmnera is focused to tlle closest 
possible dist.:'1nce which in tlle case of the camera used 
is 200 mm, i.e., texture details are sharp when the 
dist.:-u1ce between tlle cmnera and the surface is 200 

- mm. The error in the initial setting is about 1 mm. 
Once tllis is set, tlle measurements in relative ranges 
(for obt.:"lining tile ground truth values) were as 
accurate as t11e CMl\11. Witl1 tllis focus setting, the 
distance between t11e camera and t11e surface is varied 
from 900 mm to 200 mm in steps of 10 mm. For a 
given texture, we computed the IQl'vi at 71 different 
dist.:mces and this was repeated for twelve different 
textures. 

Since tlle extraction of the HVTC involves a 
nonlinear function of t11e second derivatives, its 
straight forward extraction using IQM becomes 
problematic. To overcome this problem, we employed a 
curve fitting strategy described in [ 10]. Using atlcast 



six values of the measured IQM values in tJ1e past we 
fit a sixth order polynomial to the IQM values of t11e 
past to estimate tl1e current IQM. Then using tl1e 
estimated IQM values we compute t11e HVTC 
according to Equation (10). The time increment 6.t was 
chosen to be ls. in the computation of the HVTC. 

For each of the texture pauems employed, we 
present the following: 1. Four srunple images (out of a 
total 71 images) relative ranges 200 mm. 280 mm, 
400 mm, 900 mm (Figures (9a,10a)); 2. The 
nonnalized measured IQM as function of tl1e distance 
between the camera and the surface (It is nonnalized 
since the extraction of t11e HVTC is independent of tl1e 
absolute magnitude of tl1e IQM. Figures (9b, lOb)); 3. A 
plot depicting t11e t11eoretical HVTC and the HVTC 
extracted from the images (Figures (9c,10c)). 

7 Conclusions and futu1·e wo1·k 
This paper presents a new visual motion cue, 

called the Hybrid Visual Threat Cue (HVTC) that 
provides some measure for a change in relative range 
as well as absolute clearances, between a 3D surface 
and a visually fixating observer in motion. The visual 
field associated with tl1e HVTC can be used to 
demarcate the regions around a moving observer into 
safe ru1d danger zones of varying degree, which may be 
suitable for autonomous navigation t:1Sks, in particular 
collision avoidance and maintenance of clearance. 
The RVTC is independent of the 3D environment and 
needs almost no a-priori infonnation about it. It is 
rotation independent, and is measured in [time-1] 
units. 

Practical approach to extract the HVTC from 
images, described in t11is paper is based on 
experiment:Ll observations only. However, theoretically 
the HVTC can be extracted from images in several 
ways (for instance, by measuring tl1e Fourier t.ransfonn 
of the images). Currently, we are investigating 
alten1ate approaches to extract the HVTC from i.rnages. 
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Figure (6a): Visual field of HVTC 
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Abstract: This study presents an orientation 
independent imaging technique for the recognition 
and classification of objects. Such objects can for 
instance be part of a sorting problem in robotics 
application or in applications related to 'medical 
diagnosis. 

The proposed method integrates three 
important aspects towards its practical 
implementation: 

1. the use of the principal component (PC) 
transform to reorient in an optimal fashion the 
image data and to make of the feature 
matching an orientation independent process ; 

2. the establishment of similarity measures to 
quantify the matching process of objects with 
any chosen degree of certainty; and 

3. the application of the recognition/classification 
process once all the similarity measurements 
are gathered. 

An extension of this two-dimensional method 
to a three-dimensional base is proposed. Results of 
this technique using sample data containing both 
industrial tools as in the case of robotics, and blood 
cell populations as in the case of cytometry are 
given. It is appropriate to note that other samples 
containing different objects could have been used 
just as well, but the focus here is placed on the 
orientation independent aspect of this technique 
and the ensuing matching process. 

I. INTRODUCTION 

Object classification by means of image 
processing algorithms that extract morphological 
features as a pre-processing step has been the 
subject of particular interest to key applications in 
~obotics, computer vision, and related applications 
m cytometry and medical diagnosis [2, 7-12]. The 
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main objective is the development of effective 
algorithms which can extract and match key 
features such that proper object identification and 
classification is achieved. These morphologically 
based features however can be optimized in their 
use in the classification step if an orientation 
independent algorithm is embedded within the 
feature matching and classification process. At 
issue then is the design of an integrated and 
automated classification approach · which is 
orientation independent, with attention given to the 
design optimization aspects of fast processing time 
(near real-time or within seconds) and good 
accuracy as a result of the 
identification/classification process. 

The method presented here integrates three 
important steps in the identification and 
classification of objects to attain the above stated 
goals: 

1. the use of the principal component transform 
applied to the boundaries (edge information) 
of the objects to re-orient these objects in an 
optimized fashion such as to facilitate the 
feature extraction and matching process; 

2. the mathematical design and implementation 
of similarity measures used to ascertain the 
similarity between any object of any given 
class and the prototype objects representing it; 
and 

3. the application of the recognition/classification 
process based on a decision making process 
which takes into account all of the computed 
similarity measurements and classifies the 
different classes of objects with a chosen 
degree of certainty (a percentage quantifying 
the degree of similarity required before a given 
object is assigned to a given class). 



II. DESCRIPTION OF THE PROBLEM 

Consider the input images of various objects 
shown in Figure 1. What would be a reasonable 
approach to analyze such images if we were to 
provide a similarity measurement which 
establishes a confidence factor in associating these 
objects to their appropriate classes regardless of 
their orientation? 

To begin addressing this question, the frrst 
step taken to alleviate the complex task of object 
identification, where similarity measurements 
cannot possibly be performed at every possible 
orientation is to project these data into an 
orthogonal base with an optimized reference point 
based on the principal component transform. To 
align these objects using such an orthogonal 
transformation resulted in the use of the 
eigensystem computed based on the edge (contour) 
information extracted from these objects. Once 
these objects are aligned, then measures of 
similarity can be determined for each class of 
objects, and the identification/classification process 
follows. These different steps of the overall 
integrated method are now described. 

Ill. AN INTEGRATED METHOD FOR AN 
ORIENTATION-INDEPENDENT PROCESS 

This approach takes into consideration (1) the 
projection of the image data into an orthogonal 
reference base, (2) the derivation and application 
of the similarity measure, and (3) the classification 
process to yield to a desired degree of certainty the 
different object classes present in the image data. 

3.1. Use of the Principal Component Transform 
for Orientation Independent Object Recognition 

This section begins with an example to show 
the relationship between the use of the principal 
component and the mathematics of the re
orientation process using the frrst eigenvector as an 
indicator for the direction of maximal variance. 
This example is then followed by real-world 
examples showing the PCT application to different 
objects. 

3.1.1. Dlustrative Example of the Use of the 
Principal Component Transform 

The principal component transformation of 
each one of the differently oriented objects 
considers the positions of the pixels in the contour 
as input data for the transformations. Each one of 

the contours is a sequence of two-dimensional 
pixel positions that are arranged in matrix form. 
For a given extracted contour of length l, its 
associated input matrix X in the 2-D case is 
formulated as follows: 

For each one of the extracted contours in 
Figure 2, their respective coordinate matrix X , 
and their respective eigenvector matrix A are 
obtained from their respective 2x2 covariance 
matrix, so that the transform matrix Y can be 
computed as follows: 

Y =A( X- M) (1) 

From the eigenvector matrix A, the angle at 
which each ellipse is rotated with respect to the 
transform can also be used as an indication of the 
orientation of each ellipse with respect to the 
transform. For any given eigenvector matrix A 

[ ::: ::] 
the angle of rotation is determined by equating the 
eigenvector matrix to the general form of a rotation 
matrix by an angle 8, such that 

[ 
cos( B) sin( B)]= [e11 e12 ] 

-sin( B) cos(O) e 21 ezz 

The PCT thus aligns the two-dimensional data 
to the eigenvectors of the covariance matrix of each 
set. The alignment of the contour is done along the 
direction of maximal variance as specified by the 
frrst eigenvector. 

3.1.2. A Specialized Contour Extraction Process 

A specialized contour extraction process is 
thus frrst applied to the input image to extract the 
outermost layer of the contours of all the objects 
present in the input images. To do so, a 
multidirectional scanning procedure, with 8 
directions in this case, is applied to the segmented 
(binary-valued) image searching for non-zero 
valued pixels. 
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Other edge detection techniques could be used 
as desired by the application. 

3.1.3. Use of the Principal Component 
Transform to Real-World Objects 

The contours of the objects displayed in Figure 
2 are used to find the best alignment from one 
object with respect to the other. After converting 
the input image to a binary image, segmentation 
and contour extraction are applied. The PCT is 
then applied to each one of the extracted contours 
in Figure 2, resulting in the transformations in 
Figure 3. The re-oriented contours in Figure 3 are 
oriented along the eigenvector basis corresponding 
to the extracted contour set of coordinates. Only 
the contours from which a closed loop contour was 
extracted were re-oriented. 

This orientation is the one that aligns the data 
according to their maximal variances, therefore as 
the set of contour points are projected onto the 
basis of eigenvectors through the PCT, the 
resulting orientation is the one that produces the 
same result for a given contour independently of its 
orientation. Consequently, the transformation of 
each one of the differently oriented object contours 
will position these objects in the same way, making 
such an application of the PCT a useful tool for 
orientation independent object recognition. 

The segmented objects, once reoriented are 
positioned back into their original locations. In 
order to position the reoriented contours back into 
their original positions but around their center of 
mass, the following equation is applied: 

proposed in study [3] in order to nnnrmtze the 
execution time in computing the similarity 
measurements. In study [3] the similarity 
measurement is obtained by computing the 
Euclidean distance between any two image features 
for each and every pixel. Here, since chain coding 
has already been performed for each extracted 
contour, the perimeter, area under the contour, 
width and length are readily available. This 
similarity measure is further designed to take in to 
consideration the global effect of the contribution 
of the extracted features in either a product (II) 
form (which is considered a stringent comparative 
form), or in a summation (:E) form (which is 
considered a more lenient comparative form). 

This similarity measure of object A with 
respect to object B which is denoted by 
<I>(A ~B) is as defined by the following 

equation. 

<I>rr (A ~ B) = IJ ¢; or, 
; 

1 
<I>L(A~B)=-L¢; 

n ; 

(3) 

(4) 

where n is the number of feature attributes used 
and where the attributes ¢; of Equations (3) or (4) 

take the form described in Equation (5): 

IC(A)- ((B)I 

¢, = l- max( ((A), ((B)) 
(5) 

and include in this case the attributes associated 
with the perimeter ¢P, area ¢a, length ¢l, and 

width ¢w of the extracted contours. These 
Y= A(X- A1)+ M (2) attributes are normalized with values ranging from 

0 to 1. 

Each object is thus brought back to its original 
position taking into consideration the mean value 
Mas if it were the reference point about which the 
reorientation process is to take place. 

3.2 Derivation and Application of the Similarity 
Measure 

.Once the objects of a given image are 
reor~en ted, a similarity measure is derived and 
applied t? the contours of the objects. A similarity 
measure ts designed here in a different form as that 

This similarity measure is established such 
that several features can be included in quantifying 
an overall measure of similarity. For example, in 
color images, the gray scale content under the three 
different pseudo colors, red, green and blue (RGB) 
can be differentiated between two given objects. 
Furthermore, one can add textural properties of 
objects by using such parameters as Fourier 
descriptors and co-occurrence matrices [5], 
focusing of course on the areas within the already 
extracted contours. Equations (3) and (4) can be 
combined in such a way that those parameters 
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which are independent of one another can be 
evaluated using the stringent approach ( <I>rr ), and 

those that are related in one aspect or another can 
be evaluated using the more lenient approach 
( <1>2:. ), yielding the following combined similarity 

measure: 
1 1 

<I>m; (A~ B)= 2(lJ ¢it;;+;-L¢s-, ) 
'>i t;, 

(6) 

Thus, several key features which best 
characterize the objects under study are to be 
identified, extracted and used such that, through 
similarity measurements performed on these 
features, proper identification and object 
classification is made. Note that different types of 
objects yield different characterizing features 
which in turn yield different · sets of similarity 
measurements, and thus different clusters of 
classes. For example, in Figure 8, the objects that 
were first reoriented using the principal component 
transform are shown labeled with their respective 
similarity measure obtained using <I> rr and in 

reference to the boxed object. This process can be 
repeated using another representative object of 
another family, and each time those showing the 
highest similarity measure are extracted as objects 
belonging to the family of the prototype object. 

A reference object is used to match other 
objects with a similarity measure of at least 0.80. 
The results in Figure 4 are obtained for six 
different cases. 

3.3 Remark on the Decision Making Process 

At this point, it is worthy to note that the 
decision process in classifying these objects can be 
considered using either (a) a direct approach by 
simply stating that if a similarity measurement 
exceeds a set or desired value with respect to a 
prototype object then that object must belong to the 
class of the prototype; or (b) a clustering approach, 
where the dimensions of the plane of these clusters 
are given by the different singular similarity 
measurements [1,4,6]. 

4. EXTENSION TO THE THREE
DIMENSIONAL CASE 

In the previous section, orientation-
independent object recognition was applied to two
dimensional sets of data. The same concept can be 
applied to three-dimensional data representing the 

surface of an object for three-dimensional rotation
independent object recognition. As illustrated in 
Figure 5, three ellipsoids at different orientations 
are created. The three ellipsoids are generated by 
the general elliptical coordinates given by the 
equations: 

x = p sin(¢) cos(O) 

y = asin(¢)sin(8) 

z=~cos(O) 

(7) 

where p 2 + a 2 + c; 2 = 1 and 0 :::; f/J < 2rr . The 
coordinates of the surface of the ellipsoids are used 
as input data to the PCT, and as was the case in the 
two-dimensional analysis, the transform of the 
differently oriented ellipsoids is the same. The 
mean matrix could be added to the transform 
matrix Y so as to bring the re-oriented ellipses 
back to their original positions as was the case in 
the two-dimensional case. 

5. PROCESSING TIME REQUIREMENTS 

The algorithm developed for object re
orientation requires the extraction of the edge of 
the objects in the image under analysis, in the 
examples given in Figure 1, the blood smear and 
the industrial tools images. In order to achieve this 
goal some preprocessing steps are applied to the 
input image. In this section a sample processing 
time of the application of the re-orientation 
algorithm is given The processing times obtained 
for object re-orientation were computed on an 
R4000 200MHz SGI Indy workstation and are as 
shown in Table 1. The computation of the 
Principal Component Transform for the two
dimensional sets of coordinates that are obtained 
from each segmented object takes a constant 
amount of time. When solving for the eigenvectors, 
one value is guessed and the other is computed by 
simple back substitution, therefore the processing 
time for the Principal Component Transform in 
this case is negligible with respect to the time it 
takes to process the other operations as can be seen 
from Table 1. 
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Table 1 
ProcessinJ? Time R equLrements 

Total Processing 
Operation Processing Time per 

Time (sec) segment 
Converting 0.033 -
to binary 

Segmentation 3.230 -

Multidirectional 9.166 0.305 
Scanning 
PCT 0.067 0.022 
Chain coding and 0.377 0.125 
similarity measures 

6. CONCLUSION 

Object classification by means of an 
orientation-independent imaging technique has 
been presented in this paper. Objects of differ~nt 
types are matched against prototype representauve 
of each family of objects. Orientation independence 
is achieved by re-orienting the objects in the 
direction of maximal variance. The coordinates of 
all points along the extracted contours for each 
object are used as input in the use of the principal 
component transform. The application of this 
technique is shown to optimize the feature 
matching and object classification processes 
through effective similarity measurements which 
are introduced to further enhance the matching 
process. 

Most significantly, is that the processing time 
in the implementation of this technique is kept to 
within seconds as the matching process and the 
classification processes are optimized in terms of 
accuracy. This orientation-independent imaging 
technique has been applied· to microscopic blood 
smear images containing two-dimensional (2-D) 
data, and the computer results that were achieved 
are impressive. The mathematics for a 3-D 
extension of this method are introduced. We are in 
the process of implementing such an extended 
version to three-dimensional data acquired through 
confocal microscopy. 
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(a) (b) 
Figure 1. Input images (a) blood cells, and (b) industrial tools (courtesy of MIT Media Laboratory). 

w ~ 
Figure 2. Edge detection. (a) Contours of blood cells, and (b) contours of industrial tools. 

(a) (b) 

Figure 3. Reoriented Contours. (a) blood cells, and (b) industrial tools. 
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' 
(a)Case 1: Reference image. 

( c )Case 2: Reference image. 

• 
3: Reference · e. 

(g)Case 4: Reference image. 

(b) Case 1: Matching contours. 
~ 

(d) Case 2: Matching contours. 

ooo 
0 0 

0 
0 

0 

(f) Case 3: Matching contours. 

0 

(h) Case 4: Matching contours. 

Figure 4. Application of the PCT to the contours for similarity measures and cell matching. 
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(i)Case 5: Reference image. (i) Case 5: Matching contours. 

(j) Case 6: Reference image. (j) Case 6: Matching contours. 

Figure 4. (Continued) Application of the PCT to the contours for similarity measures and cell matching. 

Figure 5. Extension to the three-dimensional case: ellipsoids and their principal component transforms. 
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Abstract 
An accuracy problem of an industrial mobile robot 
implemented with vision system to perform pick-and-place 
operation is investigated in this paper. A set of LEDs is 
installed on the work station as a reference frame to 
compensate the positioning error induced by the 
movement of AGV. With such auxiliary arrangement, 
teaching the manipulator of a mobile robot with a 
specified trajectory to arrive at a designated position to 
monitor LEDs and then compute the distance of the final 
movement to complete the task is quite successful in 
practical operating experience. However, to apply the 
qualified path to another robot may cause failure of the 
same task. Without ascertaining the causes, the 
phenomenon and effect will be described in terms of both 
theoretical analysis and empirical verification. 

1. Introduction 
A material handling application of mobile robot to 

carry silicon wafer in a semiconductor company is focused 
in this article [ 1]. A 6-axes vertical articulated robot is 
installed on an AGV as illustrated in Fig. 1. The AGV is 
equipped with wheels which have 4 independent steering 
mechanism so it can move in all directions. A camera 
mounted on the top of the robot, monitors LEOs to correct 
the uneven stop positions of the AGV for load transferring 
[2]. The entire action of the mobile robot can be divided 
into two stages of movement. While the ultraviolet 
~nsing systems guiding the AGV to a defined destination 
15 r~ognized as the first stage movement. Then, the 
marupulator will continue to perform a pick-and-place 
operati~n called the second stage movement. On 
employmg numerous mobile robots of the same type in 
facto~ for the purpose of flexible automation, an ideal 
w~y IS that ~ selected mobile robot is successfully trained 
Wihth a specified trajectory, and this eligible trajectory 
S Ould be . bl · swta Y Installed on the other robots to 
~ccom~lish the same task. According to the practical 
peratton, ?owever, the other robots employed with the 

same teaching trajectory are unlikely to achieve the goal. 
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In the user's menu, it requests the manipulator to monitor 
the LEOs on an approved position. This implies that the 
monitoring location may be influential on the following 
pattern recognition process to compute the correct 
distance, which motivates this study. The possible causes, 
for instance, positioning error resulting from the first 
stage movement and the inaccurate mechanism offset 
mostly due to assembly and imprecise camera focus on 
account of inappropriate calibration, etc., will not be 
concerned here. The significance of the monitoring 
position is illustrated and studied with theoretical 
approach and experiments on a Muratec ER6800VC 
mobile robot. 

2. Problem Description 
To ensure the success on the second stage movement 

to complete the pick-and-place task, a set of LEOs shown 
in Figure 1 is usually installed in the work station as a 
reference frame to assist the manipulator to compute the 
actual distance between the manipulator and the cassette 
to be picked or placed. That is, the manipulator will 
follow a teaching trajectory to arrive a position, for 
example, M1 to M5 in Figure 1, and then stop to monitor 
the LEOs to calculate the distance, named ML , between 
the current manipulator position and the LEOs. The 
distance, named LP , between the LEOs and the cassette 
to be picked or placed is fixed and known. Thus, the 
pick-and-place relative distance can be determined 
directly by adding ML and L P . After this procedure, 
the robot manipulator will return back to M1 and follow a 
new trajectory, M1 to M6 in Fig. 1, to complete the pick
and-place task. As mentioned above, due to the 
positioning errors of the AGV and imprecise mechanism 
offset, and so on, different manipulators installed on their 
own mobile robots following a same teaching trajectory 
(Ml to M5) may arrive at unequal location M5 to monitor 
the LEOs. Hence, the subsequent pattern recognition 
process on the LEOs image, under the same conditions of 
vision systems (focus, light resource, etc.), may 



inaccurately estimate the relative distance to render the 
final pick-and-place task unsuccessful. In fact, such 
failure operation occurs frequently in empirical tests, and 
it deserves attention to such problem. 

3. Analysis of Geometric Transformation 
The techniques of robot vision systems include, for 

example, template matching, edge and corner detection, 
run length encoding, shape analysis, segmentation, 

-smoothing, perspective transformations, structured 
illumination, ranging, and so on [3-5]. In this paragraph, 
the geometric coordinate transformation is concentrated to 
discuss without description of the other techniques though 
the practical experimental processes do need some of 
them. The analysis of the geometric transformation 
contains the camera-to-base, pixel-to-camera, and object
to-LED. By means of the homogeneous coordinate 
transformation and perspective transformation, the 
geometric relation of the robot base with respect to object 
is derived as [6,7] 
Tobject = TcameraTled Tobject = Tcamera {Timage (A.)T.pixel }Tobject 

base base camera led base camera 1mage led 

(1) 
where 

-Ax 0 0 mAxh 

Tpixel _ 0 -~y 0 n~'l{ 
,(2) image-

0 0 1 0 
0 0 0 1 

/[1+ 
(at -bt) 

a image b image 1 

[~:]= 
2 - 2 

(f- z0 )a:mage 
'(3) a2 + 

f 
(f- Zo )a~mage 

at+ 
f 

1 0 0 0 

0 1 0 0 
Timage (2) = 0 0 f 

fA. 
(4) camera f-2 

0 0 1 _f_ 
f-2 

and f is the effective focal distance, A. is the sum of the 
effective focal distance (j) and the distance between lens 
and object (Zo), and mxn is the sensing array. The 
coordinates (at, a z,O) and (b~,bz,O) represent the centroids 
of the two LEDs (a and b). The coordinates 
( c4rrr;qe , c;_rrr;qe , 0 ) and ( birrr;qe , b~rrr;qe , 0 ) denote the 

centroids of the images of the two LEDs with respect to 

the camera frame. The coordinate (Xo,Yo,Zo) denote the 
position of the camera frame with respect to the base 
frame. 

Figure 1. lliustration of The Pick-and-Place Task 

4. Experiments and Results 
The experiment is arranged like the actual operation 

that a camera installed on the top of the robot of the robot 
monitoring LEOs on position M5 shown in Figure 1. The 
focus and aperture of the camera as well as the light 
resource, etc., are assumed to be unchanged for different 
monitoring position. The single frame contains 480x640 
pixel image. The discrete interval is defined as ~x=~y 
=0.0 1 mm. By means of imaging processing such as 
filtering, the centroids of the two LEDs image are derived 
by using the method of one order moment, which is then 
multiplied by Eq.(2) to get the aimage and bimage. By 
measure, the values off, a, b are:f= 8 mm, a=(l70,280,0) 
mm, b=(220,280,0). With the given values of position 
(Xo,Yo,Zo) of the camera relative to base, the A. can be 
computed via Eq.(3). By substituting these values in 
Eq.(2) and Eq.(4), the camera coordinates with respect to 
the LEOs are calculated. Since the transformations 

T :::;:a and ~=e::t in Eq. ( 1) are assumed to be fixed, the 

pick-and-place task is dominated by T/a~aa. By 

multiplying the fixed T:;! with the ~~, the 

coordinate (Xo,Yo,Zo) can be re-computed to provide a 
direct comparison with the original one. In experiments, 
a number of various monitoring positions are purposely 
chosen with different coordinate values along the X, Y, 
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and z directions. The actual (known) and calculated 
values of (Xo,yo,Zo) and their errors (norm) are presented 
in Figures 2 and 3 and Table 1. The error norm is defined 

as 

~(Xca - Xa::t )
2+ (Yea - Ya::t )2+ (Zat- Za;t )

2 
. 

Note that Figure 4 depicts only the error norm of the 
independent change {LUC,~ Y,AZ) of the monitoring 
position along the X, Y, Z coordinate, respectively. This 
is because the illustration on the change along the two or 
three directions {X, Y or Y ,Z or Z,X; X, Y ,Z) is quite 
difficult. From the experimental results, it is obvious that 
the monitoring position is critical to the measurement of 
the distance between the LEOs and camera. 

5. Conclusion 
The inaccuracy of vision systems of mobile robot to 

cause the failure of pick-and-place task is descried. 
According to the experimental examination, the location 
of monitoring LEDs determines the success on completing 
the task. To solve this problem, the practical solution 
considered so far is to install an additional reference 
device to drive the manipulator to the approved 
monitoring position which may be an easy way. On the 
behalf of pattern recognition algorithm, instead of using 
the aligned two LEOs, for example, to employ equilateral 
triangle with three LEOs may effectively regulate the 
computation by mathematical approach. Besides, the 
improvement on image processing to provide the proper 
geometric relation of LEDs image is a possible method. 
These proposed methods are been investigating by 
theoretical and experimental verification. 
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(Xo, Yo,Zo )actual LED a.:-n,;d (Xo, Yo,Zo )calculated Error 
LED bcauo;d(pixel) norm 

(200,250,465) (176,274), (199.6,250.7,465.0) 0.8062 
(174,387) 

(205,250,465) (177,282), (203.3,251.4,461.9) 3.8026 
(174,396) 

(21 0,250,465) (176,282), (203.2,250. 7,465.0) 6.8359 
(175,395) 

(215,250,465) (177,304), (213.0,251.4,461.9) 3.9459 
(174,418) 

(195,250,465) (179,259), ( 193.0,252.0,465.0) 2.8284 
(173,372) 

(190,250,465) (179,249), (188.6,252.0,465.0) 2.4413 
(173,362) 

( 180,250,465) (181,228), (179.0,252.7,468.1) 4.2308 
_(176,340) 

(200,260,465) (201,274), (199.6,261.7,465.0) 1.7464 
(196,387) 

(200,270,465) (225,272), ( 198.8,272.4,465.0) 2.6833 
.(220,385) 

(200,280,465) (251,275), (200.3,283.8,461.9) 4.9132 
(245,389) 

(200,230,465) (240,275), (199.0,231.4,460.3) 5.0050 
(238,380) 

(200,200,465) (200,273), (199.0,201.2,461.6) 3.7417 
(190,375) 

(200, 190,465) (250,275), (200.3, 186.4,461.9) 4.7603 
.(245,389) 

(200,250,470) (176,274), (199.6,250.7,465.0) 5.0646 
(175,377) 

(200,250,475) (178,273), (200.1,250.6,472.5) 2.5730 
(176,377) 

(200,250,480) (180,273), (20 1.0,250.4,475.2) 4.9193 
(177,387) 

(200,250,460) (177,273), (199.6,250. 7,465.0) 5.0646 
(174,378) 

(200,250,455) (175,275), (199.7,249.2,457.2) 2.3600 
(174,388) 

(200,250,450) (177,275), (198.3,248.5,447.7) 3.2296 
(174,386) 

( 190,260,465) (250,276), (200.5,283.4,465.0) 25.6478 
(245,389) 

(180,270,465) (226,230), (180.2,272.8,465.0) 2.8071 
(222,343) 

(195,240,465) (155,259), (193.2,241.7,461.9) 3.9674 
(147,373) 

(205,260,465) (202,283), (203.6,262.2,465.0) 2.6077 
(197,396) 

(205,260,480) (200,285), (204.4,261.1,468.1) 11.9658 
(198,397) 

(21 0,250,480) (177,301), (211.4,250.6,471.4) 8.7338 
(171,412) 

(190,240,480) (154,254), ( 190.3,240.3,471.4) 8.6105 
(152,365) 

( 190,240,490) (154,257), (190.9,239.2,481.4) 8.6839 
(154,365) 

( 170,260,490) (206,214), (171.0,263.3,481.4) 9.2655 
(201,322) 
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SOFTWARE DEVELOPMENT OF A NEURAL NETWORKS ALGORITHM 
FOR ROBOTIC OBJECT RECOGNITION 

Abstract 

Hesham Eldeeb, Nourredine Boubekri and Tarek Khalil 
University of Miami, Fl. 33146 

Robots constitute a significant element in automation. They have various features that put 
them in an indispensable position with respect to other machines. Robots are opted for in an 
industrial application whenever accuracy, repeatability, and reliability are required. Robots are 
different from other conventional machines in that they are versatile and can be programmed 
using high level languages to perform various operations. The ability to program a robot is a 
powerful and flexible method to accomplish industrial jobs. Despite the fact that robots come 
readily with a multitude of canned functions and operations, the need never cease to exist for 
specialized, more efficient, or sophisticated features that would make the robot operation more 
effective and time efficient. Adding more features to a robot can be accomplished by coupling 
it with a state-of-the-art computer. The objective of this paper is to show that controlling an 
industrial robot by a computer, sending online and batch operations to the robot, and expanding 
the robot's industrial features; such as object recognition, is possible and feasible. An experiment 
was performed in the Manufacturing Laboratory of the University of Miami to validate this 
objective. 

INTRODUCTION 
Since their introduction in industry, robots have been the target of scientific research and 

development. The objective is to develop a more intelligent, autonomous, and cost effective 
machine. Robots are used in a multitude of industrial applications particularly those where 
accuracy, repeatability, and safety are of most importance. 

Programming a robot to perform a certain task is the job of either an engineer, a 
programmer, or an technically oriented user. Since the robot is a machine, telling it exactly what 
motion to undergo and when to perform that motion is a requirement. Expanding the features 
of an industrial robot to the extent of enabling it, through software, to recognize objects in space 
would facilitate the task of programming it to do the same job. Therefore, object recognition by 
a robot can simplify the process of operating and programming it, and can decrease the number 
of steps needed to defme new functions required for new jobs. 

Let us assume that a certain grasping task is required to teach a robot a few 3-D points 
in space. Teaching a robot a point in space requires that the robot be provided with the 
following: 

The spacial coordinates of the point 
The degrees (orientation) of each of the robot's joints 
Whether a point should be reached in a righty or lefty manner 

Teaching a robot a location in 3-D entails inputting to its controller all the information 
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appropriate to this location. This could be accomplished by manual input, a teach pendant, or 
by any other technique; such as vision. In any case, the input of the information for the 3-D 
points has to be accomplished. 

In order to teach a robot a few points to grasp an object in space , the points can be 
represented in one of two possible methods: 

Case a. 

Case b. 

The points are represented in space using an absolute frame of reference. This 
method has the advantage of teaching only those few locations in space. Yet, if 
any change is required in the ,setup parameters or object position, the points are 
no longer valid. 

The points are represented relative to the object to be grasped. That is, the points 
where the gripper will hold the object are detmed with respect to the object itself. 
The advantage of this method is that even if the object is misplaced, the points 
of grasp are traced from where the object is. The extra effort is the necessity to 
teach the robot other information about the object. 

The selection of either method depends on the nature of the task to be accomplished. The 
second is more general since it does not depend on the object's position and, hence, is more 
intelligent. The objective of this paper is to show the feasibility of adopting neural networks as 
an adaptive technique for object recognition in robotic applications using software 
implementation; and thus making certain industrial robotic tasks; such as grasping, more 
adaptable to unavoidable operating changes. 

OBJECT RECOGNITION, NEURAL NETS AND ROBOTICS 
The proposed method of object recognition for robotic applications draws from two main 

areas, namely (i) Object Recognition and (ii) Neural Networks algorithms and applications. Each 
area is reviewed and its relevance to the method is explained. 

Object Recognition 
Object recognition can be implemented in a variety of ways, among which are vision and 

ultrasonics, which are both noncontact sensing techniques. The procedure to recognize an object 
in 2-D or 3-D is mainly accomplished in two phases: 

Phase I. 

Phase ll. 

Data acquisition: to capture the scene profile, involving acquisition of information 
relating to the object that is recorded as a visual or acoustical image. 

Data analysis and interpretation: to examine and interpret the acquired 
information according to a particular method of analysis. 

Different methods of acquiring information as well as analyzing it are briefly described 
in what follows. Each method has leverage in certain applications and suffers from 
implementation restrictions in others. What decides which approach to follow is the nature of 
the problem and the constraints imposed thereby. For example, ultrasonics is very fast and 
efficient in distance determination, yet it is poor in accurate shape recognition. Vision, in 
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contrast, is better in recognition, but is more computation intensive with respect to distance 
evaluation. 

This paper deals mainly with the second phase of object recognition; Data .analysis and 
interpretation. It does not attempt to favor one data acquisition technique over another, yet it 
proposes a methodology to approach the analysis of object characteristics acquired by a certain 
technique and how to analyze and interpret the information. 

An approach has been proposed by Nagata and Zha (1991) to recognize and locate a 
partially visible object. Their methodology is to utilize multiple images for a pile of parts that 
are partially hidden using four-grey level images. The approach develops a model to describe 
geometric features of objects, and it is against this model that the resulting image transformation 
is compared. This method takes into consideration orientation and size of object. The method 
recognizes partially hidden objects with a certain level of confidence. Each time an image is 
introduced, a processing time is assigned to the recognition operation. This time is spent by the 
machine on each image to be processed, even if it's the same or similar. Recognition of solid 
objects has also been achieved using ultrasonics, Knoll (1991). Ultrasonic sensors are simple in 
construction and provide accurate distance measurements. The spatial resolution of ultrasonic 
sensors is generally poor, however. 

The method of analyzing a visual image would be different if the object is known in 
advance. The above two methods do not assume the object viewed or sensed to be known, they 
only assume that it is one of a set of predefmed objects. Chen and Tsai (1991) introduced a 
method of determining robot location and orientation using common polygonal shapes with the 
top being perpendicular to the sides. The orientation of the object relative to the camera is 
calculated using the projected area of the image with respect to the original object. The distance 
is similarly calculated according to the size and scale factor of the grabbed image. Detection of 
object contour lines is implemented by image processing techniques. The advantage of this 
technique is the existence of an analytical form to compute robot location and orientation. 
Computing the location and orientation of unknown polyhedral surfaces has been tackled by 
Tseng and Chen (1991). The objects examined are still polyhedral but their shape is not 
necessarily known in advance. The method used is a laser-based vision system that calculates 
3-D orientation and depth of an arbitrary polyhedral surface. After the object is identified, its 
orientation and location are computed through geometric transformations. This method is more 
general than the one just described, although the object has to be polyhedral in shape. 

Neural Networks Algorithms and Applications 
Neural networks attempt to emulate the human brain in classification and recognition. 

The modelling of the concept of human recognition has been implemented using the technique 
of artificial neural networks (ANN). The structure of a neural network mimics the structure of 
a set of human neurons interconnected together. A neural network consists of three types of 
neuron layers, Weiss (1991), Freeman (1991). Each layer has a number of neurons (or units) 
that are connected to those of the following layer. The three types of layers in a neural network 
applying backpropagation are: 

1. The input layer 
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2. The hidden layer(s) 
3. The output layer 

Figure 1 shows a typical representation of a three layer neural network. The units in one 
layer are connected to those of the following layer. Connection means that a certain weight is 
assigned to the arc connecting two units. The total set of weights assigned to various couples of 
nodes of two consecutive layers in a neural network is the set of values to be modified during 
training. Training is effected by introducing an input to the input layer and feeding it forward 
through the network, computing the error . at the output layer, calculating and making the 
necessary adjustment to each of the weights in every layer, then introducing a new input set and 
repeating the cycle. 

Output Layer 

t Information I Aow 

Input Layer 

Figure 1 A general backpropagation network architecture 

Training of a neural network can take a significant number of iterations, with the 
stopping criteria being: (i) to correctly classify a specified percentage of the training sets of 
inputs, (ii) to minimize the error resulting from comparing the actual output with the desired 
output, (iii) or reaching a predefmed large number of iterations. 

Different techniques have been developed to automate object recognition. The methods 
pursued have been either direct solutions or requiring some heuristic search. The latter type is 
more general since it does not require that the nature of objects be known in advance. Neural · 
networks have the feature of being able to classify an object even if it is not exactly among the 
ones taught to the network. Vision can be synergistically combined with neural networks to 
provide a powerful recognition method. This is due to the fact that vision is powerful in 
detecting precise pictorial information about an object and if this information is processed then 
used as the input to a neural network, recognition capability can be increased. 

PROCEDURE 
The type of object shapes analyzed in this study are those of single geometric elements, 
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such as cylinders, cubes, etc. The objects are represented by their outer contour. It is assumed 
that object information has been acquired by a vision system. Then this information is used as 
the input to the neural network. The paper assumes the object to have the prescribed 2-D 
surface, which is uniform along its third dimension (depth). The surface contour of the object 
will be the input to the neural network, and a standard procedure will be followed to determine 
the object's points of grasp based on stability criteria. In the algorithm described, the geometry 
of the object will be symbolized to the network by a square grid representation. The neural 
network used is the Feedforward/Backpropagation model. It will have as many input nodes as 
there are dots on the grid. The number of output nodes is the same as the number of training 
objects. The practical work took place in the Manufacturing Lab of the Industrial Engineering 
Department using a PUMA 562 arm robot, and an IBM compatible PC as the supervisor. The 
procedure and equipment used to achieve the objective stated earlier are as follows: 

The Hardware Connections 
The Communication Interface 
The Application Program 

The Hardware Connections 
The hardware connection linking PUMA with the PC comprises connecting the serial port 

on PUMA (supervisor port) with serial port (RS-232C) on the PC. The hardware connection 
linking PUMA with the PC was implemented according to the technical specifications dictated 
by the manufacturer while abiding by the communication standards and conventions available 
in serial communications references 

The Communication Interface 
The communication interface is a serial communication program coded to interface the 

PC (port RS-232C) with the robot (port 1122), and to establish a communication protocol for 
data transmission and reception by both terminals. The communication interface acts as the link 
between the application program and the robot. It is implemented in two main layers; (i) the 
Digital Data Control Message Protocol (DDCMP), which is the standard of communication 
followed by PUMA, and (ii) VAL II protocol, PUMA's operating system, which is independent 

·of DDCMP and implemented to run on top of it (DEC, 1986), (Unimation, 1987). 

The Application Program 
The application program is an artificial neural networks (ANN) program that implements 

the feedforward/backpropagation technique. It consists of three layers of nodes; an input layer, 
a hidden layer, and an output layer. The number of nodes (units) in each layer is user defmed 
which makes the network's design flexible to accommodate any arbitrary problem structure. The 
network is fully interconnected, meaning each node in one layer is connected to every node in 
the next layer. Each connection between two nodes in two different layers indicates that a certain 
weight is assigned to the arc of connection. The total set of weights in the network as a whole 
constitutes the learning elements of the network. It is this set of weights that changes through 
iterations. After the network is assumed to have converged, the total set of weights, from input 
to hidden and from hidden to output, is what makes this specific network able to discriminate 
among different shapes in the problem at hand. The weights undergo corrections during network 
training that are proportional to the amount of error observed at the output layer. 
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The application program is designed to be flexible in both defining learning parameters 
and stopping criteria, as well as in connecting to the communication interface described earlier. 
The system proposed is an integrated structure that combines both learning new shapes and 
controlling the robot. Figure 2 illustrates a schematic diagram of the system structure. The way 
an object is presented to the network is by transforming it into a grid of squares image. Each 
object is represented by a 9 x 9 grid of dots. The grid is initially all white, then black dots are 
used to represent the contour of the object. Figure 3 illustrates how a square and an octagon are 
represented using a 9 x 9 grid of dots. 

MAIN ADMINISTRATOR 

COMMUNICATION < --------
INTERFACE 

-------- > NEURAL NETWORKS 
APPLICATION (ANN) 

COMMUNICATION 
INTERFACE 

COMMUNICATION 
INTERFACE 

Contour Data ----- > 

Test Data ----- > 

controls 
--------- > ROBOT 

links 
< ------- > ANN 

FF/BP 
ANN ------ > Output Weights 

FF 
ANN -----> Recognized Object 

Figure 2 Schematic diagram of the system 
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Figure 3 Object representation by a grid of dots 
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EXPERIMENT AND RESULTS 
As was previously mentioned, nine objects were used in the initial tra1mng of the 

network. The objects were selected in such a way that some of them have subtle differences in 
the way they are represented. 

Testing the Network 
The test conducted had three schemes: 

i. Present to the network exactly the objects used in the training phase, and determine the 
classification percent. 

ii. Test the network on objects similar to the trained ones with varying levels of distortion. 
iii. Test the network on some of the trained objects undergoing affme transformation. 

Scheme (i) test the network on the training set. Scheme (ii), on the other hand, tests the 
neural network with noisy objects. Scheme (iii) introduces objects undergoing some affme 
transformations, such as scaling and translation. 

Experimental Verification of the Model 
An experiment was physically conducted to test the network performance with respect 

to grasping and to validate the model proposed. The robot used is a PUMA 562, and the 
supervisor is an ffiM compatible 80486 machine. When an object is recognized by the network 
the application program communicates the object identity to the robot via the communication 
interface. The robot is then instructed to grasp the object without further information from the 
operator. Each object in the training set has its grasp points defmed relative to the representation 
grid. Therefore, object grasping in this case is invariant to translation or scaling within the grid 
once the object is recognized. The experiment conducted in the laboratory adopted a 2 point 
contact grasping model. Relevant information pertinent to an object is retrieved from a database 
upon recognition. Part of this information is the points at which the object should be grasped. 
The robot is instructed automatically by the governing program to move to those points and pick 
the part. 

Some assumptions have to be made and some constraints ought to exist in order to 
guarantee an error free operation with correct classification. Some of these assumptions relate 
to the buffer in which the object arrives by a certain conveying means from the previous task. 
This buffer is where the robot expects the part to await grasping. These assumptions are: 

The buffer is a one part buffer of fixed known location. 
The buffer is represented by a grid size equal to the one used in the training set. 
The absolute location of the buffer in space is mapped onto the center of the grid. 
The object image representation is made after the object is placed completely within the 
buffer boundaries. 

During the experiment as well as under practical situations, the grid size was calibrated 
With the buffer size. The objects were inscribed to scale within the grid and the grid size had 
to correspond to the buffer size. This is mandatory in order to achieve meaningful coordinate 
values for the grasp points of each object. 
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DISCUSSION 
Practical Considerations 

In order to extend the experiment from the laboratory into industrial environment 
practical factors are addressed. These factors include accuracy of object definition and how 
reliable the system as a whole is. 

Object's Representation 
In this paper, objects are graphically represented by a square grid of dots. Preprocessing 

raw image data can yield automatically crisp information readily useable by the neural network. 
Image processing can be as sophisticated as needed and still be suitable for neural networks 
application. The system proposed has shown that object recognition using the neural networks 
technique can be soundly extended to robot grasping in industry. Grasping complex objects will 
require higher resolution representation (higher than 9 x 9). High resolutions make intricate 
features of an object clearer, and their mapping to a neural network more effective. Unless they 
are called for, high resolutions may be substituted by medium resolutions to avoid memory 
problems. A grid of 256 x 256 would require 64k dots for each object in the training set. 

Reliability of The System 
A neural network using the backpropagation technique has two types of accuracies: a 

training accuracy, and a testing accuracy. The training accuracy is usually higher than that 
obtained in testing. The reason simply is that the patterns presented to the network during 
training are noise free, while those used in testing or in practical applications carry a certain 
level of noise. The proposed network yielded 100% training accuracy, and was able to recognize 
objects under noise and/ or scale/translation. 

CONCLUSION 
In what has preceded, object recognition was shown to improve the way a robot is 

programmed and operated. It has been demonstrated that it is feasible to use neural networks as 
a method for object recognition. Software implementation of a neural networks technique and 
controlling a robot has also been proven feasible. 
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I 

Abstract - The foundation and layout of a 
Digital Signal Processing system capable 
of interpreting voluntary changes in the 
Electroencephalogram (EEG) of a subject 
are described. The use of the Goertzel 
Algorithm for the detection of the uidling 
rhythms" of the visual and motor cortices 
of the human brain is proposed as the 
basic building block of a "Brain-Computer 
Interface,,. Details of the real-time 
implementation of this detection approach 
in TMS320C30 assembly language and the 
experimental results obtained with the 
real-time system are presented. 

I. Introduction 

Studies have shown that 
electroencephalogram (EEG) features can 
be modified in association with responses to 
stimuli and voluntary processes. An 
interface for the disabled is envisioned in 
which voluntary EEG changes are detected 
by a digital signal processing (DSP) system 
and used to issue cursor commands to a 
computer. The interface described is known 
as a Brain-Computer Interface (BCI) and is 
the long-term goal of this research. 

A fundamental task in the development of a 
BCI involves the detection of wave patterns 
known to be controllable by human subjects. 
If correct detections can be made on such 
wave patterns, cursor movement would be a 
matter of deliberately producing or 
suppressing these waves. Two controllable 
wave patterns currently being studied are 
the "Alpha" and the "Mu" rhythms. These 
wave patterns display specific "idling" EEG 
rhythms (8-12 Hz) which are larger in 
amplitude and more periodic than average 
EEG wave patterns [2][3]. Our current work 

is focused on developing a real-time DSP 
system capable of reliably detecting these 
"idling" rhythms and applying these 
detections to computer cursor control (e.g., 
pattern present = left cursor movement, 
pattern absent= right cursor movement). 

Alpha and Mu wave patterns can be 
recorded through the use of electrodes 
placed in the area of the scalp corresponding 
to . the visual cortex of the brain (back of the 
head) and the motor cortex of the brain 
(sides of the head), respectively. When the 
visual cortex is not involved in an active 
process of visualization Alpha waves are 
produced. An individual can therefore 
produce Alpha waves by simply closing the 
eyes such that the visual cortex is not 
involved. Similarly, Mu waves are 
produced when an individual ts not 
preparing to execute a specific motion. 
Research has shown that it is easier to 
generate and suppress Alpha as compared to 
generating and suppressing Mu. Therefore, 
our trrst experimental results are focused on 
testing our system with Alpha waves. 

IT. Signal Processing Approaches To 
Rhythm Detection 

Alpha waves are found to be occurrent 
primarily in a frequency range between 8-12 
Hz. Thus, a frequency analysis of the EEG 
signal is necessary in order to determine the 
presence or absence of Alpha. 

The implementation of the Fast Fourier 
Transform (FFT) algorithm has been one of 
the most common techniques used in 
frequency analysis. This is due to its high 
speed in determining the Discrete Fourier 

1 This work was supported in part by NSF grant CISE-CDA-9529520 
2 The contribution of Ms. A. M. Taberner was supported by NSF grant CDA-9313624 with the Center for 
Advanced Technology & Education, Electrical & Computer Engineering, FlU 
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Transform (DFf) coefficients, which are 
used to indicate the frequency content of a 
windowed, discrete-time signal. This 
technique would require Nlog2N complex · 
multiplications and additions resulting in N 
complex values of the DFr. 

When determining the presence of idling 
rhythms in the EEG signal, only the DFT 
coefficients representing the frequency band 
of interest (8-12 Hz) are actually needed. 
Since only M points of the DFT need to be 
computed, where M < Nlog2N, a direct 
computation of the DFr would be more 
efficient [ 1]. 

Another technique commonly used in 
frequency analysis is one in which an input 
signal is processed by a ttlter which allows 
only those frequencies of interest to appear 
at the filter output. A power estimation is 
then made on the filtered signal followed by 
a comparison with the power of the input 
signal. This yields an indication of the 
relative contribution made by the filtered 
signal to the total power of the input signal. 
If the contribution made by the filtered 
signal is high, then the input signal can be 
said to primarily contain frequencies that lie 
in the frequency band of interest. 

The above te.chnique has certain 
requirements if it is to perform reliably. 
First, an appropriate number of coefficients 
are needed to accurately implement the 
band-pass filter. Also, the window used for 
making the power estimation should be 
large enough to include several cycles of the 
sinusoids within the frequency band of 
interest. This technique is found to be 
computationally taxing when considering 
that M multiplications and additions would 
be needed in order to implement an Mth 
order FIR filter. Similarly, a power 
estimation on a data window of size N 
would require N multiplications and 
additions. Thus, if frequency analysis needs 
to be performed real-time, as in the case for 
Alp.ha detection, a faster process may be 
desrrable. 

a· .tven the shortcomings of the approaches 
dtscussed above for Alpha detection the 
G ' oertzel algorithm was chosen to perform 
frequency analysis of EEG signals. The 
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Goertzel algorithm provides a linear 
filtering approach to the computation of the 
DFT. It requires only N+l real 
multiplications and additions for the 
processing of an N-point window of 
sampled data. This algorithm is described 
in the following section. 

III. Goertzel Algorithm 

The Goertzel algorithm can be used when 
only a few Discrete Fourier Transform 
(DFT) coefficients are needed in order to 
implement a system. This algorithm is 
developed [1] from the original DFT 
equation which has the following form: 

X(k) = 1: x(n) Wnnk k = 0,1,2,3, ... ,N-1 

where W N = ei21tiN 

The Goertzel algorithm consists of a 
feedback stage and a feedforward stage. 
The output of the feedforward stage is 
considered to have a meaningful result only 
after N samples of the input signal have 
been processed by the feedback stage. The 
following are the difference equations used 
for the feedback and feedforward stages of 
the algorithm, respectively [1]: 

~(n) = 2*cos(21tk/N)~(n-1)- <&Cn-2) + x(n) 

Y(N) = ~(N)- WN-k ~(N-1) 

where wN-k = exp(-j21tk!N) 

The magnitude squared of the output of the 
feedforward stage can be obtained in order 
to avoid complex variable multiplications: 

The power density at the frequency under 
study can then be obtained by: 

The values of k and N determine the 
discrete frequency at which the Goertzel 
algorithm is tuned as well as the frequency 
resolution and the amount of processing 
time required to implement the algorithm. 
Specifically, the DFr coefficient at a 
frequency off Hz is obtained by: 



!=.tis. 
N 

wherefs is the sampling rate. 

A block diagram for the Goertzel algorithm 
is shown below. 

(Jn) Yk(N)=X(k) 
~~------------_.~--------~~ 

feedR:k 
n=O,J, .•. ,N-1 

Figure 1 The Goertzel Algorithm 

IV. Alpha Rhythm Characteristics 

Electroencephalogram (EEG) signals have 
been recorded through electrodes placed on 
the surface of the scalp in the occipital 
region of the head of a human subject. For 
the subject tested, it has been found that 
when Alpha was predominant in his EEG, 
the EEG would generally display the 
following frequency characteristic: 

7Hz 12Hz 15Hz f(Hz) 

Figure 2 - Typical frequency characteristic 
of EEG signals containing Alpha waves. 

Experimental testing has also shown that the 
EEG of the human subject when producing 
Alpha waves departs from its typical 
frequency characteristic for brief periods of 
time. This is due to other activities taking 
place· simultaneously in the brain which can 
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distort the expected frequency 
characteristic. This observed temporal 
inconsistency inherent to the Alpha rhythm, 
suggested that an average of subsequent 
Goertzel Algorithm results is needed to 
assess the predominant frequency 
characteristics. The diagrams below help 
visualize the importance of averaging. 

Trial 1 
PSD 

ft 

PSD Trial3 

Trial2 
PSD 

ft 

PSD 
Trial4 

r3 f(Hz) 

ft fJ f(Hz) 

Average 
PSD 

Figure 3- Averaging of Goertzel Algorithm 
results 

V. Real-Time Implementation Of Rhythm 
Detection 

The EEG signals used for this experiment 
where obtained through the use of two scalp 
electrodes placed on the Cz and Pz locations 
of the International 10-20 electrode system. 
These electrodes were connected to a Grass 
P5 amplifier. The EEG signal was amplified 
by a factor of 50,000 through this system 
before it was sent into a Texas Instruments 
TMS320C30 floating point digital signal 
processor. This processor was controlled 
by an algorithm written in the TMS320C30 
assembly language. This algorithm was 
centered on determining the presence or 



absence of Alpha waves in the EEG using 
the Goertzel algorithm as the basic 
processing block. 

As mentioned in the previous section, the 
presence of Alpha waves in the EEG would 
result in a frequency characteristic 
resembling that of Figure 2. Due to the 
frequency distribution displayed in Figure 2, 
the assembly code written for Alpha 
detection needed to include three Goertzel 
algorithms implemented in parallel in order 
to study the frequency contents of the EEG 
signal at frequencies near 7 Hz, 12 Hz, and 
15Hz. 

Using a window size of N = 128 samples 
and a sampling frequency of 250 Hz, the 
following are the actual frequencies 
explored by the three implementations of 
the Goertzel algorithm. 

k=4 

k =6 

k=8 

f = 4 * 250/128 = 7.82 Hz 

f = 6 * 250/128 = 11.72 Hz 

f= 8 * 250/128 = 15.63 Hz 

In theory, each implementation of the 
Goertzel algorithm tunes to one specific 
frequency. In practice, however, it can 
detect frequencies that differ up to ( +1-) 1 
Hz from its nominal frequency. . Thus, even 
if the Alpha wave's major frequency 
component is 12 Hz instead of 11.72 Hz, it 
can still be detected by the algorithm. 

Averaging of the feedforward output of the 
three Goerztel algorithms was implemented 
in the assembly code through the use of 
three circular buffers. Each circular buffer 
stored the present and past three Goertzel 
algorithm results for its assigned frequency. 
Averaging was achieved by summing the 
elements of the circular buffers and 
dividing by the total number of elements 
(four). The former was accomplished each 
time the implementation of the Goertzel 
algorithms were ready to send out a new 
result. Thus, the averaging process did not 
decrease the operating speed of the overall 
detection system. 

A comparison of the three averaged results 
for the three frequencies under study 
constituted the last stage of the assembly 
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code written for Alpha detection. In this 
last stage the averaged power of the three 
frequency bands (7.82 Hz, 11.72 Hz, and 
15.63 Hz) are compared such that if their 
relationship resembles the one in Figure 2, a 
high level ( 1 V) would be sent to the output 
port of the digital signal processor board, 
indicating the presence of Alpha in the EEG 
signal. Otherwise a low level (0 V) was 
sent to the output port. 

VI. Real-Time Alpha Detection Results 

The real-time performance of the Alpha 
detection system has been evaluated 
experimentally. For this verification a 
human subject was placed in the set-up 
described in the previous section. The EEG 
signals obtained from electrodes placed on 
the scalp of the subject were processed by 
the real-time algorithm programmed in the 
TMS320C30 digital signal processor. 

The subject was asked to produce and 
suppress Alpha waves within half-minute 
time periods. This was achieved by having 
the subject close and open his eyes 
respectively. Three trials were made, each 
lasting two minutes and thirty seconds. The 
number of Alpha detecti~ns indicated by the 
system in each half-minute period were 
counted. The results obtained are shown in 
Figure 4. 

At a sampling frequency of 250 Hz and with 
a sample window size of 128 used to 
implement the Goertzel algorithms, 58 
windows of EEG data were taken and 
analyzed in every 30 second time period. 
Thus, in order to achieve a 100% hit ratio in 
Alpha detection when the individual was 
asked to produce Alpha, 58 detections 
should have been made. 
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Figure 4 - Experimental results from real-
time Alpha detection. 

According to our results, the algorithm 
implemented obtained a hit ratio ranging 
from 84.5% to 100%. The -number of Alpha 
detections made when -the individual was 
asked to suppress Alpha by opening his eyes 
(i.e., false detections) ranged from 1.72% to 
10.3%. 

It should be noted that although the number 
of false detections might seem high, one 
must keep in mind that when an individual 
decides to stop producing Alpha waves 
completely a trans1t1on period is 
unavoidable. It is therefore our belief that 
the number of false detections made would 
effectively decrease if this transition period 
is considered in the analysis. 

The hit ratio obtained in Alpha detection 
indicates that indeed Alpha is being 
effectively detected by the algorithm. It is 
believed that higher hit ratios can be 
obtained through the same system as the 
individual used for the experiment receives 
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further tra1n1ng in the generation and 
suppression of these waves. 

VII. Conclusions 

The results from this work support the 
viability of an EEG-based human-computer 
interface through the application of real
time digital signal processing techniques. 
Given the similarities between the origins 
and characteristics of the Alpha and Mu 
rhythms, it is reasonable to expect that the 
same processing approach used for Alpha 
detection will be applicable to the detection 
of the Mu rhythm. On the other hand, due 
to the known limitations of subjects in the 
generation and control of the Mu rhythm, it 
is also expected that some parameter 
modifications and added features will be 
required to obtain reliable, real-time 
detection of the Mu rhythm. 

Additionally, this work · has shown the 
appropriateness of the Goertzel algorithm 
for the definition of the spectral contents of 
the signal in the few bands of interest. This 
resulted in an efficient approach that 
enabled real-time operation of the rhythm 
detector. 

Finally, the experimental results confirm the 
usefulness of both the averaging of 
Goertzel algorithm results through four data 
widows and the simultaneous monitoring of 
three frequency bands (i.e., Figure 2). 
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Abstract: An approach to stereo feature matching 
is presented with the introduction of a similarity 
measure for evaluating and confrrming a stereo 
match. The contributions of this study are 
reflected in ( 1) the development of a similarity 
measure which evaluates a stereo match based on 
feature locality and gray-level gradient associated 
with the feature; and (2) the use of a matching 
procedure which integrates local and global 
matching strategies based on matching frrst those 
features with the highest similarity measure among 
the set of all highest similarities found locally 
under confined search spaces, ensuring that each 
feature is matched with a high degree of certainty. 
A left to right and right to left consistency check is 
used for each feature to comply with the 
uniqueness constraint and to confirm if a potential 
match can be declared a correct match. -
Index Terms: similarity measure, stereo 
consistency check, stereo matching. 

I. INTRODUCTION 

The main objective of this study is to 
establish a matching strategy which is to evaluate 
and confirm a stereo match through a similarity 
measure. An earlier study [ 1] introduced a string 
to string matching process using Walsh-based 
coefficients as matching attributes. One
dimensional (1-D) and two-dimensional (2-D) 
convolutions were used to generate these strings 
Which were used in an integrated fashion to detect 
and locate features, and to serve as matching 
attributes to establish and confirm a stereo match. 
Studies [2-4] relate closely to the work presented 
?ere and have served as motivation to address the 
Issues of matching primitives and matching rules 
P<>sed by the problem of pattern matching to 
~ecover stereo disparity. Cochran and Medioni [2] 
Integrate both area-based and feature-based 
methods for stereo matching using a correlation 

-61-

- formula and a local variation parameter. Their 
stereo results are impressive showing dense 
disparity maps. Ohta and Kanade [3] use an intra
and inter-scanline search , that is a feature search 
within the same scanline in a 2-D matching path, 
and a 3-D search for feature connectivity through 
a multitude of previously searched 2-D paths. 
Stereo matches are determined through metrics of 
similarity and cost functions. The disparity maps 
for the example of the pentagon appear quite 
dense showing the pentagon building well 
delineated from the background information. 
Medioni and Nevatia [4] use segments of 
collinear connected edge points as matching 
primitives, and stereo correspondence is achieved 
through a minimum differential disparity measure 
for global matching taking into account such 
things as end points coordinates, segment 
orientation and average contrast. The disparity 
maps of this approach are somewhat sparser than 
in studies [2,3] but were obtained with a faster 
execution time. Other related studies [5, 6] show 
also some interesting use of matching attributes. 
Weng, Ahuja, and Huang [5] use intensity, edge, 
and comer attributes for each image point to 
establish correspondence. A multiresolution 
(coarse to fine) strategy is used for establishing 
stereo matches. Nasrabadi [6] applies a curve
segment based matching algorithm. Curve 
segments are the feature primitives used in the 
matching process, and thus curve segments must 
be extracted from the edge points detected. The 
centroid of each extracted curve is used as a 
feature in the matching process. 

The key developments of this study 
include: (1) the establishment of a similarity 
measure designed in a generalized form to reflect 
both the positioning of the feature points and the 
contribution of any attribute which may be 
associated with these feature points; and (2) the 
development of a matching strategy based on the 
application of a global analysis on all the similarity 



measures which yielded the highest values in the 
local analysis performed under confined search 
spaces, with the intent that matching should begin 
with those features which show the closest 
resemblance. The local analysis integrates a 
consistency check constraint such as to comply 
with the uniqueness constraint and to validate 
potential matches as correct matches. 

II. THE MATCIDNG STRATEGY 

The matching strategy is based on a 
similarity measure which reflects the positioning of 
features extracted through the first order derivative 
operators, and which also quantifies the 
contribution of any additional attribute which can 
be associated to these features. 

2.1. The Feature Extraction Process 

The images of the stereo-pair are 
convolved, horizontally and vertically, with. the 
first directional derivative operators given by: 

~ = [1 -1], and i_= [1 -1]T. The result of the 
VA dy . 
convolutions are vertical and horizontal gradient 
proft.les. All noted peaks in the profiles of these 
intensity differentials satisfying a threshold 
condition (beyond an empirical noise level) will 
constitute the sets of left and right features Qz and 
Qr, respectively. From Qz and Qr, linear segments · 
are sought and are marked by locating their 
endpoints for later use in a stereo error correction 
process similar to that proposed by Mohan , 
Medioni and Nevatia [7]. ·The objective is to force 
disparities found in a selected strip along a best fit 
line of all disparities found in a given linear 
segment to belong to the best fit line, hence 
performing a correction for those offset disparities. 

2.2 The Similarity Measure 

Given two windows in feature maps Qz 
and Q r a similarity measure is established to 
quantify the likeness of the patterns in the two 
windows. The similarity measure between 
window A in one image to window B in the other 
image of the stereo pair is denoted by 'P(A ~ B). 
In this notation, window B is considered the 
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reference window, whereas window (A) is 
considered the non-reference window. 

2.2(a) Similarity Measure and Feature 
Locality: For feature points of Qz found in 
window A and for feature point of Qr found in 
window B, compute the similarity measure 

h p 
'I'(A ~B) = L--

q=l (Dq + 1) 

where P given by P = 1/ N 8 is the weight 
associated in matching a feature, and is a function 
of the total number of features contained in the 
reference window B denoted by ·N B ; parameter h 
used in the summation term is the minimum 
number of total feature points found in either 

window A orB, that is h = min(N A, N 8 ); and 

D is the minimum Euclidean distance between the 
qt1z feature point in the reference window and its 
closest feature in the non-reference window. In 
finding D q, the distance of all features in A to 

those in B are computed. The two features, one in 
A and one in B, which corresponded to the 
minimum · distance are the two considered when q 
= 1. This process continues until all h features 

. are considered. 

Note that the chosen form of equation (1) is 
2 -D 

preferred over such forms as 1/(D q + 1) or e q 

which will work just as well, but require 
additional computational time, and are found to 
be stricter in quantifying slight differences in 
stereo features to be matched. In the chosen form, 
Dq is inversely proportional to the similarity 

measure. 

Beyond this, it is important to note that this 
similarity measure takes into consideration that in 
real world images, small differences will always 
be present even under the most controlled 
environments, and thus such small differences are 
made to contribute in a less significant way to the 
similarity measure, in contrast to the other two 
suggested forms. 

(1) 



Consider the following comparative examples 
which contrasts all the following three forms: 

h p 
'P(A~B) = L--

q=l (Dq + 1) 
h p 

'P(A~B) = L . 2 
q=l (Dq + 1) 

h p 
'P(A~B) = L D 

q=l(e q) 

Assume that within the two windows we are 
comparing that h is found to be 10. The first case 
of the first table for instance shows that 5 of these 
features when superimposed show perfect match 
(i.e., Dq=O, q=l,2, ... ,5), and that the other 5 
features show the following pixel distances (D 6=2, 
D,=3, D8=4, and D9=D10=1) as given in Table 1. 
Comparative results follow: 

Table 1: Comparative Example 1 

D1 D2 D3 D4 Ds D6 D1 Ds D9 D10 
0 0 0 0 0 2 3 4 1 1 
0 0 0 0 0 4 6 8 2 2 
0 0 0 0 0 8 12 16 4 4 
0 0 0 0 0 16 24 32 8 8 

Table 1 (Cont.) 

P/(Dq+l) P/(Dq+1) 2 P/(EXP(Dq)) 
0.678333333 0.571361111 0.593919687 

._0.612063492 0.529497606 0.529180042 
0.564685772 0.510172305 0.5036973 
0.535134878 0.503066984 0.500067104 

In Table 2, the Dqs take on other different values 
so as to get a feel on the different outcomes of 
these similarity measures. 

Table 2. Comparative Example 2 -.Ql D2 D3 D4 Ds D6 D1 Ds D9 D10 
~ 1 1 1 1 1 1 1 1 1 
~ 2 2 2 2 2 2 2 2 2 
r-!_ 1...4 4 4 4 4 4 4 4 4 
r-L 8 8 8 8 8 8 8 8 8 
J.§_~ 16 16 16 16 16 16 16 16 
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Table 2 (Cont.) 

P/(Dq+l) P/(Dq+1)2 P/(EXP(Dq)) 
0.5 0.25 0.367879441 

0.333333333 0.111111111 0.135335283 
0.2 0.04 0.018315639 

0.111111111 0.012345679 0.000335463 
0.058823529 0.003460208 1.12535E-06 

2.2 (b) Similarity Measure Integrating Other 
Attributes: The similarity measure represented in 
Equation (1) is now extended to include 
additional feature attributes as follows: 

'¥(A~ B)= i, P ·[n[l-l~v,I.Jl (2) 
q=l (D q + 1) s=l 1Js 

where, ILl vsl is the absolute variation of the sth 
q . 

attribute of feature q in the two windows under 
comparison, t denotes the number of attributes 
used, and 1J s is a normalization factor for the sth 

attribute such that 0::;; lA v.l ::;; 1. The similarity 
11s 

measure used in this study takes into 
consideration both feature locality and feature 
gradient change, but can be expanded to include 
other attributes through the product term (IT): 

where, lg A - g B I denotes the absolute gradient 

difference for the feature points under comparison, _ 
and the value 510 is the normalization factor found 
from the absolute gradient difference of the two 
extreme cases which bound · the first order 
differential operator for an 8-bit resolution per 
pixel in both the x and y directions. It is important 
to note that "'I'(A ~B) can yield a different value 
than 'P(B ~A). This results from the dependence 
of the similarity measure on the number of features 
found in the reference window. There are two 
distinct cases in evaluating this similarity measure: 



Case 1. N 8 > NA in this particular case: 
'¥(A~ B):::;; NA/NB; 

Case 2. N 8 :s; N A: this situation can be handled in 
two different ways: 

(1) using strict similarity, in which case 
excess features in A not matched to 
those in B will penalize the similarity 
measure, yielding 

'¥(A~ B) :::;; 1-(1-(NA/N8 )P) 

(2) using contributory similarity, in 
which case excess features in A are 
ignored, yielding 

The use of contributory similarity as 
illustrated in Figure 1 focuses more in 
finding a pattern of interest regardless of 
additional features that may surround it. 

2.3 The Matching Process 

In general, a left image window w;, ,y
1

, 

positioned at x1 , y 1, is compared to all of those 

windows in the right image W R that are contained 
within a specified confined search space. All 
window displacements within the search space are 
in one pixel increments. When the window in the 
right image yielding the highest similarity measure 

is found, its location is marked as xr.' yr •. This 

windOW WR xr * ,y/ iS then COmpared with thOSe 
windows in the left within the same predetermined 
search space. The location of the left window 
yielding the highest similarity measure is now 
marked as x 1·, y1•• A consistency check is said to 
be satisfied if the windows under comparison from 
left to right and right to left searches are found to 
satisfy the relationships: 
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(4) 
- *+k - *+k xt - xr - 1' Yt - Y r - 2 

where k,_ and k2 delimit the row and column 
search space, respectively. With these relations, 

• correspondence is said to be satisfied if x1 = x 1 

andy/= Yt· 

The features found to correspond locally 
under the confined search space are now to be 
matched under the global matching strategy. The 
procedure begins by matching those features that 
globally have the highest similarity measure of all 
highest similarity measures found locally under 
confined search spaces. The features with the next 
highest similarity measure are then matched, and 
the process continues until all feature points are 
matched. This global matching strategy comes in 
support of the fact that a match achieved with the 
highest similarity measure is a match achieved 
with higher certainty. 

III. RESULTS 

Different stereo scenes were tested and 
the results are illustrated in Figure 2. An 
assessment of these results is given in Table I. 
All scenes used are 256x256x8 bits except the 
stereogram which was 128x128x8 bits. The 
proposed matching technique performed 
extremely well yielding more than 80% of 
matching without correction, and 90% or better of 
matching after correction. 

The processing time of this matching 
technique implemented on the Silicon Graphics 
R4000-based computer varied between takes few 
seconds for the matching process (proportional to 
the amount of features extracted). The global 
search is the step that is most taxing 
computationally (15 mns to about 4 hrs for the 
examples considered) for the redundancy in re
computing the similarity measures from a local 
view point once the features within the window 
with the highest similarity measure from the 
global view point has now been removed. 



For problems which deal only with 
feature matching this problem is not an issue. For 
the recovery of depth information, it will be wise 
to eliminate such redundancy by focusing simply 
on local searches. The overall processing time 
thus is function of the complexity of the scene 
reflected by the total number of features extracted, 
and the size of the confined search space used in 
the local matching. 

IV. CONCLUSION 

This paper intrcxluced a new similarity 
measure applied to stereo feature matching. A 
contribution of this study is the development of a 
generalized similarity measure which is proven to 
be effective in quantifying feature shape and 
locality, and which integrates the contribution of 
any attribute which can be associated to these 
features. Two different methcxls of evaluating this 
similarity measure, the contributory and the strict 
measures are proposed with the contributory being 
the better approach to adapt to possible variations 
and distortions of the image features due to the 
common effects of noise. The authors foresee 
great potential for the application of the similarity 
measure to various pattern matching and pattern 
recognition algorithms. 
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Table I. Results of the Stereo Feature Matching 
Technique. 

Scene Features Features Matched %Matched 
Pentagon 13491 10928 81.0% 
Fruit 7525 6159 84.9% 
Renault 2459 2093 85.1% 
Stereogram 6800 6257 92.0% 
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Figure 1. Stereo Feature Matching Using the Contributory Similarity Measure 
Extra feature points do not penalize the similarity measure. 

Right Image Left Features Right Features Disparity Plot 

(a) A Random Dot Stereo-gram: Mismatches occur at the boundaries of the layers. 
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Closest Region Middle Region Furthest Region 

Figure 2. Results of the Stereo Matching Process. 
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(b) Disparity results revealed as thickness in white in the x-direction, as thickness and gray scales (the 
brighter pixels are closest), and using simply gray scale, respectively. 

Left Image Right Image Left Features Right Features 

Disparity Map Closest Region Middle Region Furthest Region 
(c)The Fruit Scene Example. 

Left Image Right Image Left Features Right Features 

Disparity Map Positive Disparities Negative Disparities 
(d) The Pentagon Example 

Figure 2 (Cont.). Results of the Stereo Matching Process. 
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Abstract 

The quality index for a spatial octahedron 3-3 device 

with equilateral triangular base and moving platform has been 

obtained. Further the quality index for a spatia16-3 device with 

a hexagonal base and an equilateral triangular moving platform 

has also been obtained. 

The maximum absolute value of the determinant of 

the Jacobian, det 1 = 3.J3 aJ which is precisely the volume 
am 4 

of an octahedron with an equilateral triangular moving 

platform side a, base side 2a and height a. This result is 

analogous to the planar quality index for a pair of equilateral 

triangular moving and base platforms with moving triangle 

"d h 3l s1 e t w ere det J = - . 
am 2 

Introduction 

The geometry of the singularities of in-parallel planar 

platform devices has been studied by Daniali, Zsombar-
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Murray, Angeles[!] and by Duffy[2]. Most recently an in

depth study of in-parallel spatial octahedron has been 

completed by Hunt and McAree[3] who discussed design 

considerations and questions of loading and friction in ball and 

socket joints. Precision assembly tasks were addressed. 

It seems clear that parallel devices should be designed 

to operate in a work space which is free of singularities. The 

problem is how to measure 'closeness' to a singularity. This 

was accomplished by Lee, Duffy and Keler for planar in

parallel devices by defining a dimensionless quality index 

(1) 

where J is a 3x3 Jacobian, the columns of which are the 

normalized coordinates of the three connector lines joining a 

triangular base to a moving triangular platform. The quality 

index A. is therefore the ratio of the determinant of J of the 

platform in some arbitrary position to the maximum value of 

det J m· Such a device is illustrated in Figure 1 where each of 

the connector lines or legs is a serial R-P-R chain (Here and 



throughout R, P, S and T will denote revolute and prismatic 

pairs, ball and socket joint, and Hooke joint respectively.) 

It should be clear from (1) that when A.=O, the device 

is in a singularity position and when A.= I, the device is in its 

best configuration to sustain load. In [ 4] it was shown that 

det I = 11 + 12 + 13 , one half the perimeter of the moving 
m 2 

platform. This is a remarkably simple result. Further the 

absolute maximum value det I am occurs when (i.e. for an 

equilateral triangle) for which det I = 
31 . This is valuable 

am 2 

information for a designer. Further, the configuration for det 

lam is shown in Figure 1, and the device should therefore 

ideally perform tasks close to this 'optimum' configuration. 

The objective of this paper is to extend the results for 

in-parallel planar manipulators to the more general spatial 

octahedral type manipulator, and to investigate the geometrical 

meaning of the results. Such results should prove valuable to 

the designer and operator, especially for high precision when 

small measurements of the order of 1 o·4 in are required over a 

small workspace. 

, , 
~ 

y 

I 
I 

I 

X 

Figure 1 :Planar equilateral triangular platform in 
optimal configuration 
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The determination of Det Jm for a 3-3 platform 

Figure 2 illustrates the plan view of a 3-3 platform 

with an equilateral triangular base of side b, and an equilateral 

triangular moving platform of side a with the moving platform 

parallel to the base and raised to distance h. Each of the six 

legs EAA, E!A, EBB, EcB. EcC and EA C are S-P-S connector 

chains. 

y lE. 

Figure 2 : Octahedron 3-3 platform device 

It is required to determine the value of h which yields 

a maximum value for det J m• the determinant of the Plucker 

coordinates of the six legs, and to subsequently obtain an 

expression for det J m· 

Firstly the coordinates of the points A, B, C, EA. E8 

and Ec are determined with the origin 0 located at the base 

platform as illustrated are, 

A(~ h) s( -~ h) c(o h) a a a 

2.J3 2-13 --13 

E(~ b 0) E8 ( 0 b o) E(-~ b o) (2) 
A 2 - 2../3 -13 A 2 -2./3 



It is well known that the Plucker coordinates of a line 

joining two points with coordinates (xf, Yb z1) and (x2, y2, z2) 

are given by the 2x2 determinants of the array 

(3) 

and we can write 

(4) 

For Example, the coordinates of EAA are obtained 

from 

[: 

b b : l 2 - 2../3 (5) 
a a 
2 2../3 

and 

• [ a-b a+b 
h 

bh bh ab] (6) s = --
2-J3 -2../3 2../3 I 2 2 

The coordinates of EsA are obtained from 

[: 

0 ~ 0] (7) .J3 
a a h 
2 2../3 

and 

. [a a-2b 
h; 

bh 
0 ab] (8) 

S2= 2 
2.J3 .J3 -2.J3 

The remaining coordinates are 

• [ a a-2b 
h ; 

bh 
0 ab ] (9) s3 = -2 

2../3 .J3 2../3 

~~ 
• -[b-a a+b h· bh ,':i'_ 2~] (10) S4- --

2-J3 -2../3 2 ' 

. [b b-2a 
h; 

bh bh ab] (11) 
Ss = 2 

2../3 - 2../3 
-

2../3 2 

s, =[ -% b-2a h· bh bh ab] (12) 
2../3 ' - 2.J3 2 - 2.J3 
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Hence from (6), (8)-(12), the normalized detefllli 

a-b a a b-a b b - - -- - - --2 2 2 2 2 2 

a+b a-2b a-2b a+b b-2a b-2a 
2../3 2.J3 2../3 2../3 2../3 2../3 

h h h h h h 

1 bh bh bh bh bh bh detJ =-
[6 -2../3 .J3 .J3 -2../3 -2../3 -

2../3 

bh 
0 0 

bh bh bh -- - - --
2 2 2 2 

ab ab ab ab ab ab 
2../3 -2.J3 2../3 -2../3 2../3 

-
2../3 

(1 3) 

where l = EAA = EsA = E8B = EcB = EcC = EA C and for any 

leg 

Expanding (13) yields 

3../3a3b3h3 (15) 
detl 2 2 

4(a -ab+b +h2 ) 3 

3 

and dividing above and below by h3 yields 

3../3a3b3 (1 6) 

detl = t' -;:+b' +h J 
Differentiating with respect to h, det J m occurs when 

h=~~(a2 -ab+b') (17) 

Substituting ( 17) into ( 16) yields 

27a3b3 (18) 
detl m = 3 

32(a2 
- ab + b2 )i 

Substituting b = '}fl into (18) and dividing above and 

below by r yields 



27a 3 

det1m = 3 

(19) 

32(_!_- _!_ + 1]2 

Y2 r 
The absolute maximum value of det J m is obtain by 

taking the derivative of (19) with respect to ywhich yields 

_1 (~-~J=o (20) 
Y2 r 

and hence 

b r=-=2 
a 

(21) 

This special 3-3 platform is shown in the optimal 

configuration in Figure 3 and for which from ( 17) h=a. Further 

from (19) 

3../3 3 
det1am =4a (22) 

Now the volume of the octahedron shown in Figure 3 

V = ../3 h(a+b? 
12 

and for b=2a, h=a (23) gives 

V = 3.f3 a3 
4 

y E. 

(23) 

(24) 

Figure 3 : 3-3 platform in optimal configuration 

For this special case the meaning of det Jam is thus 

obvious. It is simply the volume of the octahedron with · 

-71-

moving platform sides a and base sides 2a shown in Figure 3. 

It is important to recognize that this result is completely 

analogous to det Jam for the planar equilateral triangular 

moving platform case for which detJ = 31 (see Figure 1). 
am 2 

It is equally important to recognize that each the 

double joints EA, E8 and Ec in the base can now be used to 

form a hexagonal base and hence produce a corresponding 6-3 

device with the base connecting points labeled EAb EA2, E8 b 

E82, Ec1 and Ec2 as shown in Figure 4. It will be shown in the 

next section that det 1 = 3../3 a3 for this 6-3 platform device am 4 

also. 

The determination of Det Jm for a 6-3 platform 

Figure 4 illustrates the plan view of a 6-3 platform 

with an equilateral triangle moving platform of side a which is 

parallel to a regular hexagonal base with side b and which is 

raised to distance h. Each of the six legs EA1A, EA2A, EBJB, 

E82B, Ec1C and Ec2C are S-P-S connector chains. 

X 

Figure 4 : 6-3 platform device 

It is required to determine the value of h which yields 

a maximum value for det 1m, the determinant of the Plucker 



coordinates of the six legs, and to subsequently obtain an 

expression for det J m· 

Firstly the coordinates of the points A, B, C, EAb EA2, 

E8 b E82, Ec1 and Ec2 are determined with the origin 0 located 

at the base platform as illustrated are, 

{5 o h) s(- 2~ ~ h) c(- 2~ -~ h) 

E (.J3b _!!_ oJE (../3b !!_ oJ Esl(o b o) 
AI 2 2 A2 2 2 

E (- .J3b b oJ E (- .J3b b oJ Ec2 (o -b o) (2.5) 
B2 2 2 Cl 2 2 

By analogy with (13) 

a .fib a .fib a .fib a .fib a a 
.,fj -2 .,fj -2 - 2.fi -2-- 2.fi 2- 2.fi 2.fi 

b 

2 

h 

bh 

2 

.fibh 

2 

ab 

b 

2 

h 

bh -
2 

.fibh 

2 

h 

bh 

0 

a-b 
2 

h 

bh -
2 

.fibh -
2 

ab ab ab 

b-a 
2 

h 

bh --
2 

.fibh 
-

2 

ab 

b-!!. 
2 

h 

-bh 

0 

ab 

2.fi - 2.fi 2.fi - 2.fi 2.fi 2
.,fj (26) 

where l = EA1A = EA2A = E81B = E82B = Ec1C = Ec2C 

and for any leg 

I= .JI] + M' + N' =~a3' -ab+b' +h2 

Expanding (26) yields 

3.J3a3b3h3 

detJ = 
2 2 

4(a -3ab+3b +h2 ) 3 

3 

Dividing above and below by h3 yields 

3.J3a 3b3 

detJ = 
3 

{a' -3~!+3b' +h J 

(27) 

(28) 

(29) 
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Differentiating with respect to h, det J m occurs when 

h=~~(a' -3ab+3b') (30) 

Substituting (30) into (29) yields 

27a 3b 3 

det lm = 3 
(31) 

32(a 2 
- 3ab + 3b2

) 2 

Substituting b = ;a into (31) and dividing above and below 

by yyields 

27a 3 

detlm = 3 

3')( _!_-~+3)2 

\.r 2 r 

(32) 

The absolute maximum value of det J m is obtain by 

taking the derivative of (32) with respect to ywhich yields 

and hence 

-1 (-3+~]=0 
Y2 r 

b 2 
y----a-3 

(33) 

(34) 

This special 6-3 platform is shown in the optimal 

configuration in Figure 5 and for which from (30) h = !!.. . 
3 

Further from (32) 

3.J3 3 
detJ =--a am 4 

(35) 

which is identical to (24) for the octahedron with moving 

platform sides a, base sides 2a and height a. 

Therefore the absolute maximum determinant Jam 

depends solely upon the location of the pivot points of the 

moving platform. This is completely analogous to the planar 

results. 



y 
E .. 

X 

Figure 5 : 6-3 platform in optimal configuration 

Discussion 

The quality indices for a spatial octahedral 3-3 device 

and a spatial 6-3 devices have been obtained. The absolute 

maximum value of determinant of J , det Jam was 

det J = 3-fi a 3 which is the volume of an octahedron with 
am 

4 

equilateral moving platform with side a and an equilateral base 

side 2a. A plan view is shown in Figure 6. The value of det Jam 

for a 6-3 device with the same moving platform ABC (side a) 

is the same i.e. det 1 = 3..J3 a 3 • Here, the hexagonal base is 
am 4 

labeled EAb EA2, E8b E82, Ec1 and Ec2. The sides EA1Ec2 = 

EA2Es1 =E82Ec1 = b can be varied from b=O to yield the 

octahedral base EAE8Ec to EA1Ec2 = EA2Es1 =Es2Ec1 = a. The 

corresponding height is in the range 0 ~ h ~ a . It should be 

noted for h=O the base and moving triangles are congruent. 

These results are completely analogous to the planar case (see 

Figure 1) for which d 1 31 regardless the location of et am= 2 
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base pivots. A three dimensional view of Figure 6 is shown in 

Figure 7. 

A E. , ' , ' , ' , ' , ' , ' , ' , ' , ' , ' 
' ' E. 

Figure 6 : Compatibility of the results 

~~~~ ~~~~ 

Cl Jr.[' Es ...... 6 ........ 
~~ ~~ 

~~ ~~~ 
~~ ~~ 

Ec~~:-----------------------------~~- EA 

Figure 7 : 3D view of Figure 6 
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Abstract 

This paper characterizes the dynamic per
formance of two robot arms mounted on 
a wheelchair as a cooperating robot sys
tem. The robot is the University of 
California at Irvine's Singularity Avoid
ance Manipulator( SAM) which has been de
signed for wheelchair mounting as an aid 
to quadriplegics. Time-optimal trajectories 
for various bounds on the base joint re
action forces were determined for a given 
nominal workspace trajectory. Minimum 
time is used as the optimization criterion 
since its "bang-bang" control defines the 
performance limit of the system. 

1 Introduction 

The SAM arm, see Donoghue 1993, is 
a lightweight versatile manipulator de
signed for wheel chair mounting to aid 
quadriplegics. Two arms are mounted on 
the wheelchair to obtain a large system 
workspace, provide near human aesthetics, 
and when needed, the capability of having 
the two arms cooperate to increase the dy
namic capabilities of the system, see Fig. 1. 

Time-optimal control of robotic systems 
determines the torque histories that mini
mize the transit time required for the sys
tem to move from an initial to a final con
figuration. Performance evaluation of such 
systems determines the maximum payload 
of the system for a given path. Here, the 
focus is on determining the relationship be
tween performance time and the bounds on 
the reaction forces at the base joints of the 
SAM robots. We are interested in the forces 
reacted on the wheelchair because if these 
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forces are allowed to grow large they may 
cause the wheelchair to move relative to the 
floor during robot operation. 

2 Literature Survey 

The work of Bobrow, Dubowsky, and Gib
son 1985 first presented the true minimum 
time solution along a prescribed path. This 
was the first work to consider the com
plete, non-linear, dynamics and torque con
straints for robotic systems. With the so
lution to the problem of time-optimal con
trol for robotic manipulators Bobrow 1988 
was able to derive a path planning tech
nique which produces time-optimal manip
ulator motions in a workspace containing 
obstacles. In this work time-optimal con
trol is used to find the optimum path to 
avoid the obstacles as well as to minimize 
the time to perform the motion along that 
optimum path thereby demonstrating the 
ability of time-optimal control to be used 
as a tool to couple the path planning prob
lem with the dynamics problem in robotics. 
Further theoretical work by McCarthy and 
Bobrow 1990 yielded a theorem which de
termines the minimum number of satu
rated actuators for a general robotic sys
tem under time-optimal control. This theo
rem demonstrates how time-optimal control 
forces robotic systems to their actuator and 
constraint force limits. 

The notion of measuring the performance 
of a robotic system was expanded to in
clude dynamics by Wang and Ravani 1988. 
Their method results in either load-optimal 
motion with a time constraint, or with 
near time-optimal motion with load con
straint. However , computationally their 



Figure 1: Two Cooperating SAM Robots 
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methods are very difficult to implement. In 
Larochelle and McCarthy 1993 a method 
of determining the maximum payload for 
a robotic system along a completely spec- · 
ified path was presented. Here, we con
tinue our work in quantifying the dynamic 
performance limits of robotic systems and 
present numerical results for the wheelchair 
mounted cooperating SAM robot system. 

3 Time-Optimal Control 

Time-optimal control involves determining 
the required joint torques such that the sys
tem accomplishes the desired task in the 
minimum possible time. Here we describe 
how the time-optimal trajectory is found. 
The equations of motion for the system are 
written in terms of the path parameter s 
and its first two time derivatives. The equa
tions of motion and the bounds on T, the 
6 x 1 vector of applied joint torques, and A, 
the 4 x 1 vector of constraint forces applied 
to the base of each robot, combine to form 
a linear programming problem; 

Maximize/minimize s subject to: 
a(s)s- [B]T- (C]T ,\ = d(s, 8) 

7 min :S T :S 7 max 

,\min :S A::; _xmax 

(1) 

The time-optimal trajectory can now be 
found. Using Eq. 1 solve for the mini
mum acceleration s at the end point of the 
path and integrate backwards in time to 
construct the minimum acceleration curve. 
Similarly, find the maximum acceleration 
curve by integrating forward in time from 
the beginning of the path. Connecting these 
curves in the 8- s phase plane are switching 
points. 

4 Case Study 

The cooperating SAM robots are mounted 
to each side of the wheelchair such that they 
may cooperate in a horizontal plane in front 
of the wheelchair passenger. The robots 
are positioned such that their base joints 
are 0.6096(m) apart, see Fig. 1. We model 
the system with a wrist on the SAM arm 
that is unactuated so that there are two ac
tive actuators per robot; base and · elbow, 
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Link Length ( m) Mass (kg) 
K 0.45 1.50 
L 0.32 0.75 
H 0.35 1.0 

Table 1: Kinematic Parameters 

Motor Max./Min. Torque (Nm) 
(} ±14.616 
</> ±7.308 
1/J ±0.000 

Table 2: Dynamic Parameters 

and a wrist which is free to rotate. The 
payload studied was 1.0( kg). The robots 
are described by their geometry, mass, and 
peak continuous motor torques as listed in 
Tbl. 1 and Tbl. 2. The path endpoints are 
shown in Fig. 3. The start and goal posi
tions are shown, as well as the initial and 
final configurations of the robot system. 

First we analyzed the system without any 
bounds on the reaction forces at the robot 
base joints. The time to perform the mo
tion with no bounds on the base reaction 
forces is 0.425(sec) . The required robot 
joint torques (Nm) to achieve the time
optimal motion for both the left and right 
robots are plotted versus time in Fig. 4 and 
Fig. 5 where the solid line is the base joint 
torque and the dotted line is the elbow joint 
torque. The robot base reaction forces (N) 
for the both the left and right robots are 
plotted versus time in Fig. 6 and Fig. 7 
where the solid line is the x component of 
the reaction force, and the dotted line is the 
y component. 

Second we analyzed the system for var
ious bounds on the reaction forces at the 
robot base joints. We present detailed re
sults for the case when the reaction forces 
are bounded to ±l.O(N). The time to 
perform the motion with these bounds on 
the base reaction forces is 1.140( sec). The 
robot base reaction forces for the both the 
left and right robots are plotted versus time 
in Fig. 8 and Fig. 2 where the solid line is 
the x component of the reaction force, and 
the dotted line is the y component . 



0.5 

0 

-o.s 

·11---------' 

0 0.5 1.5 

Figure 2: The Right Robot Base Reaction 
Force 

Reaction Bounds (N) Min. Time (sec) 

±ex:> 0.425 
±10.0 0.441 
±1.0 1.140 
±0.5 1.612 

±0.05 5.099 
±0.005 16.124 

Table 3: Dynamic Performance 

Finally, we list the minimum time re
quired to complete the motion for various 
bounds on the base joint reaction forces in 
Tbl. 3. 

5 Conclusion 

In this paper we analyzed the dynamic per
formance of a wheelchair mounted cooper
ating SAM robot system using movements 
planned for minimum time while bound
ing the reaction forces that the robots ap
ply to the wheelchair. The result is that 
while small reaction forces applied to the 
wheelchair are desirable, such bounds in
fer limits on the dynamic performance of 
the robotic system which result in increased 
minimum times to perform the desired task. 
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Figure 3: The Path: Start and Goal Con
figurations 
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Abstract 
In this paper we derive and apply a new technique 
useful in the analysis of swarm robotics. We derive 
useful swarm descriptions from the basic kinetic 
theory of gases. Several experiments verified our 
basic assumptions made in the theoretical derivation. 
We also performed experiments to test the 
methodology as a tool in evaluating robotic behavior 
algorithms. 

Introduction 
We introduce a novel approach for analyzing robot 
group interactions. We base our approach on the 
kinetic derivation of ideal gas laws. The motivation 
for this approach is based on the need for quantitative 
tools for the analysis of swarm robotics. Swarm 
robotic experiments currently involve chaotic 
experiments with no clear way to determine progress 
or an indication of whether an algorithm is 
performing better or worse than expected. Without 
feedback as to the performance of the swarm, 
learning algorithms are difficult to train. The need 
for a more precise set of evaluation tools is a 
universal problem in swarm robotics. Maja Mataric 
solved the analysis problem by tracking each robot as 
it moved [Mataric, 1994]. This method greatly 
increases the cost of the robot and also places limits 
on where the experiments can be conducted. Few 
people besides Mataric have worked with 8 or more 
real robots operating simultaneously. 

In simulations data collection does not present a 
problem since the computer tracks the coordinates of 
each robot and can keep track of progress. The ease 
with which simulations track swarm robot 
movements has hidden an interesting avenue of 
research, how to measure swarm performance. Our 
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approach is to use indirect measurement of swarm 
performance through the statistical interactions of the 
robots with each other and their environment. The 
statistical approach lends a clearer view of the 
complex interactions among swarm robots. Instead 
of tracking the path of every robot we can minimize 
data collection and determine indices of performance 
using simple experiments. Another expected benefit 
of this work is the development of robot independent 
criteria. The robotics field has suffered because of 
the lack of repeatable experiments such as those 
found in other areas of science. A researcher cannot 
easily reproduce the experiments of another 
researcher in robotics because of inconsistent data 
collection techniques and platform dependent issues. 
The measurement techniques and derivations make 
no platform-dependent assumptions. Our goal is to 
make measurement of swarm robot behavior an 
experimental science by describing experiments that 
can be reproduced by any robotics researcher with a 
group of robots. 

Justification of an Expression 
for Effusion 

In an effort to model the simplest of swarm 
behaviors, we will apply tools developed in statistical 
mechanics for the description of ideal 
gases. Consider a swarm of robots N within a plane 
cell, with an opening in the boundary to allow robots 
to exit. Assume the swarm agents move in random 
directions at constant velocity. In the event of a 
collision with another robot or a wall, a robot 
executes a random turn and moves again with 
constant velocity. Let Zw be the number of collisions 
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Figure 1 Robots Colliding With Wall. 

of swarm robots with a wall per unit time per unit 
length, and L0, the size of the aperture through which 
the robot could escape. The rate of the swarm's 
egress from the confining cell equals the product of 
these quantities, under certain assumptions and 
approximations. Specifically, we assume that robots 
may not re-enter the cell (effusion into a vacuum), 
that the robots are small compared to the aperture in 
the cell, and that the cell wall has no thickness. 
Given a wall of length L, and a swarm moving in 
random directions with a velocity c, and x
component Vx, half of the robots in the area given by 
Lx Vxx At (see Figure 1) will collide with the wall. 
(Contributions from robots originating outside the 
area cancel those leaving the area, and this quantity 
becomes negligible as L increases.) Since there is no 
speed distribution (the whole swarm moves with 
constant velocity c), the average x-velocity for those 

2xc 
robots heading toward the aperture, Vx = --. 

1r 
Thus the number of collisions in time T equals 

1 2 X c N 2 x 1r x Ax L x T whereN/A 

equals the density of the swarm (robots per unit 
area). The expression for collisions per length per 
unit time is as follows: 

c N 
Z =-x-

w " A 

Thus, from our model the rate of change of number 
of robots confined to the cell is given as: 

dN 
dt = -Zw X Lo 

After separating variables and integrating, we arrive 
at a relation between the number of confmed swarm 
robots and time, 
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c N 
--x-xLo x t 

• N = N
0 

x e tr A 

where N0 is the starting number of robots in the 
swarm. 

Justification for Mean Collision Time between 
Swarm Robots 

Considering the robot swarm activity as analogous to 
a perfect two-dimensional gas, we can derive an 
expression for the mean time between robot 
collisions. Consider a circularly symmetric agent T J 
moving with relative speed, Cn~, other swarm robots 
are considered frozen in the plane. A collision 
between robots is guaranteed for any other agent 
whose center lies within the rectangle, having length 

crelxL1 tand height 2x d (dbeing the diameter ofthe 
robot), described by TJ's movement. o- Miss 

Figure 2 Diagram of Mean Free Path. 

Under uniform distribution of velocity direction cret 

equals c x .J2 . The expected number of collisions 
equals the area of the collision rectangle multiplied 
by the riumber density (N/A) of the robots. Dividing 
the expression by time leads to the following 
expression for collisions per unit time: 

2xdxNxcx.J2 

A 
Taking the reciprocal of this expression gives an 
estimate of mean time between collisions. 
Multiplying the mean free time by an agent's speed 
c, produces an expression for an agent's mean free 
path. 

Our approach to the analysis of swam robot 
interactions is based on the kinetic derivation of the 
ideal gas laws. It is our expectations that equations 
similar to those that govern the interaction of atomic 
particles will promote insight to the group behavior 
of robots. In molecular kinetics the derivation of the 
gas laws is based on a 3-D case. In robotics the 



derivation is clearly a 2-D case and so are-derivation 
of these key equations was necessary to make them 
applicable to swarm robots confined to a plane. 

Robotic platform 
The robotic platform used in our experiment is the 
Talrik Junior (TJ) robot produced by Mekatronix Inc, 
(Figure 3) consists of a small 7 inch diameter 
platform with 2 drive servos for locomotion. The 
sensors include two 40KHz infrared emitters and 
detectors for obstacle avoidance and several bump 
sensors for collision detection. The on-board 
computer is the MC68HC811E2 8-bit 
microcontroller from Motorola with 2K of on-chip 
EEPROM and 256 bytes of RAM. 

The power source for the robot is a six cell NiCad 
pack which can be recharged on the robot. Figure 3 
shows a picture of the robot. 

Figure 3 Front view ofT J robot. 

Experimental setup 
In the interest of fostering other researchers to verify 
our results on their robot swarms and in simulation 
this section will describe the experimental details. 
Only the scale of the experiments needs to change for 
independent verification on larger robotic platforms. 
Effusion is defmed in chemistry as movement of 
molecules through an aperture. In our experiment 
the robots move in a 100 ff area and then effuse 
through a 28 inch hole. In physical chemistry terms, 
the other side of the hole is a perfect vacuum where 
any robot passing through the hole is shut off and 
removed from the experimental area until the next 

. experiment. Figure 4 shows a picture of the 
environment. 
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Figure 4 Experimental setup. 

Results 

Collision frequency and collision 
cross section 
The first step in comparing our theoretical kinetic 
model of robotics to the real robots interacting is to 
measure the collision frequency. From our 
theoretical calculations we were able to determine a 
collision cross section for the TJs (14 inches) and 
from this a collision frequency dependent on the 
density of TJs in an area. In one experiment we 
allowed 4 TJs to bump each other in a 25ff area. We 
then counted TJ to TJ collisions on one robot over 2 
minutes. In this experiment we measured 0.172 
collisions per second. Our calculated result for this 
density is 0.198 collisions per second (13% error). In 
the next experiment 8 TJs were in a 50ff area giving 
the same density as before. This experiment ran for 5 
minutes giving us a measured collision rate of0.143 
collisions per second. The expected value again was 
0.198 collisions per second (28% error). The fmal 
experiment was 8 TJs in a 100 ff area. This yielded 
an experimental collision frequency of 0.083 and a 
predicted value of0.098 (16% error). This verified 
what we expected: in a more diffuse case the robots 
act more ideal. The same holds for the kinetic gas 
laws. As a gas molecule becomes a significant 
percentage of the area (under extreme pressure) the 
experimental data begins to deviate significantly . 
from ideal gas laws. 

Effusion 
Once the collision frequency experiments assured us 
that the equations did reflect what the robots were 
doing the next test was effusion. In the effusion 
experiments TJs effuse through a hole in a wall and 
the time stamp of each TJ crossing the hole is 



recorded. We then compare the time stamps ofTJs 
leaving the area to the predicted results. 

IR off, bumper only 
In the first experiment the TJs execute collision 
detection, where the TJ moves and hits an object 
(either another TJ or a wall). Once a TJ detects a 
collision with the front bumper, it then turns 
randomly and heads off in a new direction. We 
suspected that this experiment would most closely 
agree with our calculated results because of the 
similarity between the behavior of the robots and the 
behavior of molecules in a gas. Figure 5 plots the 
average results of five trials with the theoretical 
exponential result. This experiment coincided well 
with what we expected. The discrete errors in the 
experiments are due to the small number of robots 
involved. Contrast 8 robots to 1023 molecules! 

IR on, Braintenberg control 
We based an IR collision avoidance algorithm on the 
work of Valentino Braintenberg [Brain ten berg, 
1984]. The Braintenberg control is simple. One 
sensor crosses over and controls one motor in a 
purely reactive control. In this control a wall on the 
left of the robot will be detected by the left IR sensor 
which causes the right motor to slow and thus turns 
the robot to the right, away from the wall. The 
converse is true for the right sensor. This control 
scheme has some well-known flaws. The first flaw, 
which we call the "Braintenberg Trap" occurs at a 
corner where the two sensors are balanced. The 
robot will oscillate for a prolonged period and may 
not be able to recover. Another problem with the 
Braintenberg algorithm is the tendency for robots to 
fall into set paths in an enclosed environment 
typically circulating around without exploring the 
entire environment. We solve the first problem by 
using only obtuse angles in the environment 
(preventing oscillation). The second problem is 
initially taken care of by the complexity of multiple 
robot interactions. However, as the number of robots 
diminish in the test area, the tendency for the 
remaining robots to circulate and prolong the total 
effusion time. Figure 6 shows the results of these 
experiments. The Braintenberg rotation traps lead to 
these widely varying results. In two trials the last 
robot failed to escape as it rotated about the arena in 
a fixed pattern. 
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IRon, random turn 
This algorithm is built around the robot seeing an 
obstacle with its IR and turning randomly. The test 
here is to evaluate the sensitivity of the theory to 
several conditions. The IR detectors increase 
effective size, since the robots have the ability to 
detect an object farther away (approximately 10 
inches). This effect was not factored into the 
theoretical derivation, since we assumed that the hole 
was still big enough for the robot to pass through. 
Another consequence is that the effective area is 
reduced since that the robots can detect the walls 
without hitting them. In Figure 7 the data for this 
experiment seems much more consist~nt than the 
previous data. The faster average escape time we 
believe is due to the increased "pressure" of the TJs 
that results from their detection of the walls from a 
distance and thus, the area is effectively reduced. 

Following robots 
We expect the robot action to deviate significantly 
from the theoretical case in this case. Since the 
algorithm imparts a tendency for the robots to follow 
each other, when one robot leav~s others may follow. 
From the data in Figure 8 we can see that the escape 
time has been greatly reduced" almost by a third. The 
one major deviation from this fast escape time 
occurred when the remaining robot had no robots to 
follow out. 

IR beacon 
This is an extremely non-ideal gas case wherein an 
IR beacon placed by the exit attracts the robots 
toward the opening. This approximates particles 
under the influence of an external force, such as an 
electric field. The data in Figure 9 shows the rapid 
exit rate at which these robots escape when the exit 
has an attractor. 

Conclusions 
We illustrate that a useful technique for analyzing 
swarm robot interaction can be derived from the 
kinetic gas laws. We apply this methodology to 
several experiments involving various algorithms in 
order to quantitatively evaluate those algorithms 
from the lowest baseline (robots moving randomly) 
to directed effusion (robots following a beacon to the 
exit). The quantitative characterization of a baseline 
in this metric also helps to evaluate the effectiveness 
of an algorithm in the accomplishment of a task (here 
fmding an exit). In the past, most robot swarm 
experiments were highly subjective. Now with the 



development of a methodology and a theoretical 
model we can begin to quantify algorithms and their 
ability to execute a task. 

Future work 
We expect this work to blossom into an exciting area 
of research into swarm robotics. We have begun to 
develop the tools necessary to study synthetic 
ecosystems, learning algorithms and cooperating 
agents in a more scientific way. In the future we plan 
to expand this theory to evaluate a variety of 
algorithms and also evaluate the experiments with a 
greater number of robots. Our work will also be 
expanded to include elements of biology and 

Number of robots left 

additional concepts from physics and chemistry. The 
long range goal of this work is the development of 
basic theoretical concepts that will provide insight 
into the most fundamental questions surrounding the 
creation and continuation of life as we know it. 
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Abstract 

Several methods of efficient packing have been 
introduced in the past. Most of these algorithms were for the 
arrangement of 2-dimensional shapes [ 1 ,2]. Those algorithms that 
were for 3~dimensional shapes and containers were very slow [3]. 
This paper presents the use of voxelization (or digitization) to 
model a 3-dimensional system in order to perform the task of 
efficiently packing a container with miscellaneous shapes. By 
breaking the shapes into cubes, calculations can be quickly 
performed to analyze how the vacant space of the container is 
utilized. 

Introduction 

The goal of this project is to develop an algorithm to 
densely repackage contaminated waste into 55 gallon drums. This 
waste is currently packed in wooden crates approximately 4x4x8' 
in size. The waste in these crates is to be incinerated by a plasma 
arc furnace, however, the loading chamber of this furnace is much 
too small to allow these crates to be inserted into the hearth of the 
furnace. For this reason, the waste must be transferred into 55 
gallon drums. The drums, or barrels, will need to be densely 
packed in order to minimize the number of barrels to be either 
burned or stored for later incineration. It takes approximately 17.4 
barrels to equal the volume of one crate. Each barrel can be 
densely packed until it is either full or it weighs 800 pounds. The 
amount of barrel space that can be used depends on the material 
and geometrical characteristics of the parts to be packed in it. For 
example, if a barrel were as densely packed as possible with steel 
(if liquid steel were poured into the barrel), it would only fill the 
barrel approximately 114 of the way. Although this packing 
arrangement is not realistic, it shows how much void space would 
be left in the barrel for this density of a material and still reach the 
requirements for filling the barrel. There will always be trapped 
space between some of the parts within the barrel. The question is: 
"How can the wasted space be minimized to allow for maximum 
dense packing of the barrel?" 
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Basic Considerations 

Many things must be considered in order to accomplish 
the goal of this project, as can be seen in Figure 1. First, since the 
process is to be automated, the system must have a way to view 
each part. In viewing the part, the system must be able to 
dimension the part so that it may decide where it should be placed 
in the barrel, or if it can even fit in the barrel. Each time a part is 
placed in the barrel, the barrel's status must be updated to keep a 
record of which space is available and which space is occupied 
and, therefore, unusable. Determining the "best" placement for the 
part is the heart of this problem. When solving for this placement, 
the part must not interfere with either the barrel or other parts 
which may have been previously packed in the barrel. The part 
must be placed in the barrel in such a way that it minimizes voids 
so that the barrel is densely packed. The parts must also be 
balanced so that it stays where the robot puts it, or else the correct 
status of the barrel is no longer known. 

How parts are organized for best placement is another 
problem to consider. Many parts could be dimensioned and their 
placement determined as a group. Then, each part can be placed 
in the barrel in the correct order so as to make them as densely 
packed as possible as a group of parts. Choosing one part at a time 
and solving for its best placement is another alternative. The 
determination of the "best" placement for an individual part is 
required for the group part placement optimization, and as such, 
this work focuses on this problem. 

Alternate Approaches 

This procedure could be accomplished using several 
different methods. However, the decision making process of where 
to put the part needs to be done as quickly and precisely as 
possible. These two requirements are the main constraints used in 
deciding which method to use. 
(a) Cutting and Shredding 

The quickest and easiest way to dense pack the barrel 
would be to shred up the parts and put the shredded pieces in the 
barrel. Although some parts would need to be cut to even fit in an 
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empty barrel, as little cutting as possible should be done in order 
to prevent the contaminants from becoming airborne. 
(b) Solid Modeling 

Solid modeling techniques are often used to determine 
part intersections. Solid modeling uses floating point values to 
dimension parts. Solid modeling, although very accurate, is much 
too slow a process to use to generate the barrel and part 
dimensions, let alone solving for the best placement of the parts in 
the barrel. Part~ could be nudged around and checked for their 
placement until the best one is found, but this may take too much 
time. 
(c) Centroid Optimization 

Another approach could be optimizing the position of the 
centroid of the part. By using the orientation and placement of the 
part which puts the centroid of the part as low inside the barrel as 
possible, there is more available space above the current part to 
place other parts. However, this may not be the best placement of 
the part. For example, this placement may make the centroid as 
low as possible, but it may create a great deal of space trapped 
between the part and the barrel walls and/or other parts already in 
the barrel (this space is now unreachable). 
(d) Potential Field Modeling 

Another method to utilize is electric potential. By 
charging the part negatively and the barrel and parts already in the 
barrel positively, the part will attract itself to a position inside the 
barrel. This resembles the centroid optimization method in that the 
highest charged portion of the part is where the centroid would be, 
because there is more material in this area of the part. Therefore, 
the charges will pull the part up against the surfaces of the barrel 
walls and/or parts already in the barrel. Although this method tries 
to minimize void space, it may end up creating it for some 
placements of the part. 
(e) Simulated Annealing 

This method involves choosing a group of parts and 
arranging them in such a way that they are as densely packed as 
possible as a whole. Then, each group can be packed in the barrel 
in the same way. To arrange a group of parts in this way, an initial 
position and orientation is decided for all of the parts in the group. 
Then, a part is chosen at random and randomly moved (either 
oriented or translated). If the new position or orientation helps the 
group's density as a whole, this position or orientation is kept. 
Otherwise, the part is moved back and another move is performed 
at random. This occurs until the group has been optimized to a 
certain degree. The parts in this group can now be placed in the 
barrel in the order necessary (layer by layer with the bottom layer 
first), or other groups can be optimized and then all of the 
optimized groups can be optimized to fit in the barrel. Because of 
the amount of optimization involved in using this method, it will 
take an extensive amount of time to solve for the order and 
placement of the individual parts. 
(f) V oxel Representation 

The method tentatively chosen to complete this task is 
voxel representation. Voxels are the cubes created by extruding a 
grid and making it 3-dimensional (a 3-dimensional graph). The 
part and barrel can be dimensioned using these cubes. This can be 
seen in Figure 2. Since the cubes have a fixed length, width and 
height, there is some error between the dimensions of the actual 
part and its voxel representation. This is shown in Figure 3. 
Adjusting the size of the voxels, and therefore the resolution of the 
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3-D grid, decreases this error. Voxel representation is a quick and 
easy method to use in dealing with the considerations of this 
project. Voxels allow for easy calculations, such as alignment of 
a part to the barrel, calculations of void space, and barrel status 
updates. 

Figure 2. Voxel representation of barrel (left) and a part 
(right) in very low resolution. 

Figure 3. V oxel representation of circle in 2 dimensions. 
Note: bottom appears flat. 

Part Modeling 

The voxel representation of a part is stored in a 
3-dimensional matrix, where one character signifies occupied 
space and another character signifies negative, or unoccupied, 
space. Modeling the part is done by using a silhouette of the part 
(which is shown in Figure 4 and Figure 5). The reason a silhouette 
is easy to use is because the silhouette of an object will always be 
darker than the light behind the object no matter what the color of 
the object is. A silhouette is created from the part and projected 
onto a 2-D surface of the part array. All dark pixels are considered 
occupied and the others are vacant, which is recorded in the arraY 
as such. Because the actual front or back of the part cannot be seen 
from the silhouette, this shape must be extruded throughout the 
aiTay. The part is now rotated by some angle and a new silhouette 
is formed. Because a portion of the front and back of the part can 



Figure 4. (Left) part after 1st extrusion from top view. 
(Middle) part after seen from left side view. 
(Right) part after seen from front view (original). 

Figure 5. Simulation for creating part with vision system. 

now be seen by the perimeter of the silhouette, it can be determined 
whether or not the voxels occupied due to the extrusion, and are 
now visible, are actually occupied or not. Further rotating the part 
and cutting off the pieces of the extrusion that are not actually 
occupied will end up making the part array into a voxel 
representation of the part. Therefore, the accuracy of this 
representation depends on the angle rotated, number of rotations, 
and the size of the voxels. 

Determining how and what increment to rotate decides 
the maximum accuracy of the voxel representation to the actual 
Part. By letting the program make this decision (based on the part 
itself), much time can be saved, and a very accurate representation 
can be produced. One such way to do this is by using a bisection 
Olethod. This is done by taking a picture along each axis (x, y, and 
z). Because an image is produced from a silhouette, taking a 
picture along the positive of an axis will produce the same image 
as a picture taken along the negative of an axis. For simplification, 
?nly one axis will be looked at (rotation about the z-axis). The 
lllcrement angle is set to 45 degrees, since a picture was taken in 
~e y, and therefore, in the-y as well. From the negative y-axis the 
Increment is added. This axis of viewing is looked at and the 
~Ppropriate voxels are removed (if any). Since adding the 
lllcrement to the current angle will make the viewing angle equal 
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to the x-axis (which has already been viewed), the increment is 
added twice. This puts the viewing angle at 135 degrees from the 
negative y-axis. This viewing and incrementation is done until the 
viewing angle is greater than 180 degrees. Now, the increment is 
divided by 2. The same process of view-checking and adding the 
angle increment twice is performed until no change takes place in 
the part matrix. Then, the same process is started over for viewing 
around another axis. This is done for all 3 axes. 

If all of the parts were made up of cubes, where all of the 
cubes were at the same orientation and the bottom surface of each 
cube was facing down towards the table the part rested on, most of 
the parts could be constructed by taking 3 pictures. The 3 pictures 
would be a front view, a side view (left or right) and a top view. A 
cylinder could even be constructed in this fashion if the axis of the 
cylinder was coaxial to one of the camera views (for example, the 
top view camera). The front view and side view would construct 
a rectangular box. The top view camera would then shave the 
corners of the box off and round them to create a cylinder. A shape 
such as a cone could not be constructed in this fashion. If it were, 
it would look like a 4-sided pyramid. This is because one of the 
cameras_(the one that the point of the pyramid were facing) would 
not contribute to the shaving and creation of the cone. For shapes 
such as this, the part would need to be rotated about its axis to 
shave of the edges of the pyramid Therefore, just as the roundness 
of a circle depends on the length of the chords that it is made of 
(this is used in many CAD and drafting programs), the roundness 
of the cone will depend on the increment of rotation per picture and 
the size of the voxels it is transformed into. 

Although this method of using a silhouette is much less 
expensive and faster than using a laser scanner or some other 3-D 
part generator, it does have some major flaws. It cannot see into 
the cavities of some parts. For example, a box with only 5 sides 
will look like a box with 6 sides. This is because no matter how 
the object is rotated in front of a light, the walls of the cavity will 
prevent the light from shining through the cavity. The part will, 
therefore, look like a solid box. Another flaw is scale. If the 
silhouette is created by a point light source, the silhouette of the 
part will not be the same dimensions as the part viewed from that 
angle. To correct this the light source could be like that of a light 
table (drafting table). However, this type of light source is not truly 
planar. If the light source used is not truly planar, there could be 
reflections created on the part itself if the part had a smooth surface 

• or shadows on the platform on which it rests. One way to correct 
this is to use a linear laser which could be swept behind the part 
like the light of a photocopier. Only the pixels directly in front of 
the light can be read. Since the laser is linear, there should be very 
little reflection. The view of the camera may still contain 
perspective. For example, if the center of the image of a camera is 
aligned with the center of a face of a cube (which is facing the 
camera), the top and bottom of the cube cannot actually be seen. 
This effect could be minimized by zooming in on the part and 
moving the camera further from the object. This is shown in 
Figure 6. By projecting the silhouette onto a translucent sheet, the 
picture can be taken from the backside of the sheet. This will make 
the image totally orthographic. 

After the part matrix is formed, it can be used for 
placement checking. The number of orientations the part will have 
depends on the incremental angle of rotation. To save time, the 
part matrix will be rotated each time before a new orientation is 



Figure 6. (Left) perspective view of part. 
(Right) orthographic view of part. 

checked for best placement. Therefore, there will be a best 
placement for each orientation, but only one best placement in all. 
However, many placements should be saved in case the best 
placement is not feasible because of the interference with the 
manipulator's gripper. The easiest way to orient, or rotate, the part 
will be to rotate the matrix the part is in. Because the actual matrix 
will be rotated in order to orient the part within it, no occupied . 
voxel in the part matrix must be at a point where it will be lost 
outside the matrix after being rotated. Otherwise, the part in the 
rotated matrix will not be the full part. To solve this problem, the 
part is centered within the matrix. This is done by checking the 
minimum and maximum values in each direction (X, Y, and Z). By 
subtracting these values, the maximum X, Y, and Z lengths of the 
part can be obtained. Subtracting these lengths from the 
corresponding lengths of the matrix gives the amount of space left 
over in each direction. This space divided in half is the amount of 
space that should be on each side of the part for a particular 
direction. Sometimes the number of spaces being divided is odd, 
leaving a half of a voxel. This half of a voxel is dropped off and the 
minimum voxel is moved over this distance so that there will be 
one extra space on the maximum side (if this occurs). 

Rotating the part matrix takes up a great deal of time and 
memory. This is because each point in the matrix must be rotated 
separately. Just simply rotating each point in the matrix will cause 
the new part to have holes in it, as well as some inaccuracies. This 
is because of the conversion of a floating point value to an integer 
value. To prevent the holes from occurring, the part matrix is 
converted to a higher resolution matrix (for example, on a 
2-dimensionallevel, each voxel in the part matrix will correspond 
to 4 voxels of the high resolution matrix). Then, the high 
resolution matrix is rotated (meaning each point in the high 
resolution matrix is rotated separately). The high resolution matrix 
is then transferred back to low resolution by saying that for every 
four voxels (in a square of 4 voxels) in the high resolution matrix, 
if more than some number of them are occupied, then that 
corresponding low resolution rotated part matrix voxel is occupied. 
Changing this number changes the look of the new rotated matrix. 
If the number is too large, the part will be smaller than the actual 
part with more holes than the original. If this number is too small, 
the part will be larger than the original part. The number that was 
found to give the best results for a 4-1 ratio is 2. Because of the 
massive amount of memory it would take to use a 3-dimensional 
matrix where each side of the matrix is twice as long as the 
low-resolution matrix, each layer is rotated separately at a time. 
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Rotating layer by layer around the corresponding axis gives the 
same results and uses much less memory as only one layer of the 
matrix need be in high resolution. Therefore a 2-dimensional 
high-resolution matrix will only use up 4 times the memory of one 
low-resolution matrix layer, where as a 3-dimensional 
high-resolution matrix would take up 8 times the amount of 
memory as the entire low-resolution matrix. To rotate about the 
y-axis, each xz-layer is copied into high resolution then and rotated. 
After being rotated, it is converted back to low-resolution. 

The part is rotated at an angular increment of theta about 
each axis. Therefore, the maximum number of orientations of this 
part is ((360/theta)A3). This is because the part rotates about one 
axis (360/theta) times before it rotates another axis by theta. When 
the part is rotated about this second axis (360/theta) times, the part 
is rotated about a third axis by theta. For example, the part is at 
some initial orientation. Then, it is rotated theta degrees about the 
z-axis. Each tinie the part makes one complete revolution about 
the z-axis, it is rotated theta degrees about the y-axis. Each time 
the part makes one complete revolution about the y-axis, it is 
rotated theta degrees about the x-axis. This is done until the part 
makes one complete revolution about the x-axis. 

The actual rotation is done by multiplying each point in 
a layer by the proper rotation matrix (using vector multiplication). 
The answer is the coordinates of that point rotated by theta degrees 
about the corresponding axis. It must now be determined in which 
voxel in the matrix this point lies. That voxel becomes occupied. 
1bis is done for each layer for one axis. Then, the other 2 axes are 
done in the same way. Using one 3-dimensional rotation would 
take less time because each point in the matrix will only have to be 
rotated once instead of three times, but, as stated earlier, this would 
take up much more memory. 

Part Placement 

The Barrel 
The easiest way to represent the barrel is to have a matrix 

that has a length, width and height equal to that of the barrel 
represented in voxels plus a shell surrounding it. This shell 

Figure 7. The 3-dimensional barrel matrix. 



represents the walls, floor, and lid of the barrel. As can be seen in 
figure 7, the corners of this matrix are wasted space. This matrix 
will be a 3-dimensional group of boxes that will hold a value 
signifying the status of each voxel, thereby identifying which space 
is occupied and which space is vacant in the barrel. Because only 
two possible values are needed in each location of the array, the 
array could be made up of characters. This will save memory due 
to the fact that characters contain half as many bytes as short 
integers. Because parts are lowered into the barrel and any vacant 
barrel space trapped underneath a part, or an extrusion of the part, 
is considered void space, the array can be a 2-dimensional array of 
heights (this is sometimes referred to as 2 1/2-dimensions). As 
can be seen in Figure 8, these are the projected heights from the 
bottom of the barrel, which signify the height of occupied space 
from the bottom of the barrel with a width and length equal to and 
located at each grid square in the array. These values are integers, 
and although an integer takes up twice as much memory as a 
character, not nearly as many integers (much less than half) will be 
needed as characters would in a 3-dimensional array. A 2-D array 
of characters could be used, however the height could only reach 
a value of 255. The barrel may be more than 255 voxels high, 
depending on the size of the voxels and the resolution of the 
system. 

Figure 8. Visualization of barrel as a 2-dimensional array 
of heights. 

Interference Checking 
To find a valid placement, the robot will need to know if 

the part is going to interfere with another part in the barrel or the 
barrel's walls. Thinking of where to place the part in the barrel and 
then checking every occupied part voxel to the corresponding 
barrel voxel would take a great deal of time. Only the surface of 
the part need be checked for interference. This is because it would 
be impossible for there to be some occupied barrel voxel floating 
in space, and therefore, inside the hypothetical placement of the 
Part Checking the perimeter of the part saves much time, as much 
fewer part voxels will need to be checked for interference. Making 
a list of instructions that could be used to simulate directions that 
follow the part's surface in order to check each placement of a part . 
would save the time of having to figure out new directions each 
time a new placement is to be checked (they will be the same 
directions for a particular orientation). This map of instructions 
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resembles chain code. Chain code is used in image processing to 
find the perimeters and contours of objects [4,5]. This code 
contains a list of numbers that indicate which direction to move in 
next. For any one space in a 2-D grid, there are eight grid spaces 
adjacent to it (the left, right, top, and bottom as well as the 4 
corners). This can be seen in Figure 9. 

*
8 1 2 

7 3 

6 j 4 

Figure 9. One layer of a 3-dimensional array containing chain 
code of the perimeter of a layer of a part. 

Chain code is written by starting at some initial occupied 
voxel, called the starting voxel. This voxel is just the first occupied 
voxel read from the chain code matrix as the array is checked row 
by row and layer by layer from the lowest to the highest cell value 
(shown in Figure 9). This particular position is important and must 
be saved so that there is a frame of reference for the part inside the 
barrel. The x, y, and z values of the starting voxel remain constant 
in the part matrix for a particular orientation of the part. The 
direction ,value in this location of the chain code matrix is read. 
The particular chain code direction value for each position is found 
by checking for the next occupied voxel bordering the current 
position in a clockwise sweeping motion. Then, that position is 
moved to. To find this value, the program must know the last 
direction it came from so that it knows to start checking at the next 
voxel clockwise in the sweep. If it started in the same place every 
time, it would eventually get stuck in an infinite loop as the 
direction changes due to the surface of the part. An example of this 
would be if the sweep of checking started at the position directly 
above the current one (using Figure 9). When the position is (i, j), 
the position directly above would be read and the direction value 
of 1 would be stored. After moving to that position, the next 
position read in the sweep is the one directly below. This will 
occur infinitely. 

These values could be stored in a 3-D array called the 
chain code matrix, which is equal in size to the part matrix. Each 
level of this matrix contains a set of instructions that move around 
the perimeter of this particular layer of the part. Therefore, to 
check for interference of a placement, the starting voxel of the 
chain code matrix is placed in some voxel of the barrel (if this 
barrel voxel is not occupied). The corresponding voxel pointed to 
by the direction is moved to in the barrel. Now, the new barrel 
voxel is checked for occupancy. If it is not occupied, there is no 
interference yet The chain code map is followed in this way until 
either the part is completely checked without interference or one of 
the barrel voxels poi.rited to is found to be occupied, in which case, 
there is interference. If interference occurs, the placement being 



checked is no longer valid. Depending on the resolution of the 
voxel system, there may be a possibility of overlapping of the chain 
code. An example of this is the chain code of a part with an 
extrusion 114 inch wide using Yz inch voxels, as can be seen in 
Figure 10-A. When the chain code reaches the end of the 
extrusion, the chain code will overwrite itself and replace the old 
values with new ones and then finish the loop. Because of this, the 
extrusion will not be seen when the chain code is read. To get 
around this, the direction could be altered in some way so that the 
system knows that there is an extrusion of this nature, but when a 
part has a split extrusion, as in Figure 10-B, it will triple over itself 
making the use of a matrix to write chain code in extremely 
difficult. To solve this problem, a linked list will be used as the 
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Figure 10. Chain code for perimeter of a layer of a part with 
a thin extrusion. 
Note: thin extrusion will not be read. 

chain code. A linked list is like a string of beads, where every bead 
contains a value or a set of values. In this case, each member of the 
list will contain a direction value and a pointer to the next member 
of the list Since each member is connected to another (except for 
the beginning and end), the map could be easily read from 
beginning to end. Memory for each member of the list can be 
dynamically allocated. This will reduce the amount of memory 
needed for the chain code since only the directions and their 
pointers will be needed instead of an array that would most likely 
contain unused locations. However, because the values in this list 
are no longer distinguishable in height as they were with a 3-D 
array, there will need to be a ninth direction. This direction will 
point to the voxel directly above in the next level. Therefore, this 
chain code represents a sort of spiral formation, where the 
perimeter of each layer is mapped as the level is increased. 
However, a particular layer of a part may contain more than one 
area needing to be chain coded. An example of this is a coffee 
mug. As can be seen in Figure 11, there is a point where there are 
two separate areas. They must be chain coded and connected, 
otherwise the robot would disregard one of the pieces of this part. 
When checking for occupancy on a particular layer, the layer is 
swept row by row. The first ·occupied part voxel found becomes 
the starting voxel of this area. The area is then chain coded. Now, 
this area needs to masked out so that the level may be checked 
again for another occupied part voxel. When one is found, the first 
area which has already been chain coded must be connected to the 
new area just found. The connection must be marked in such a way 
so that the system will be able to distinguish it and not check for 
occupancy in the spaces pointed to by these directions, since there 
is not any material between the two areas at this layer. This can be 
done by adding a number greater than 9 to the direction. 
Therefore, when a direction read is greater than 9, that 

-92-

• 
Figure 11. This part contains 2 separate areas at the layer 

shown. 

corresponding direction is moved to, but occupancy is not checked 
for in the voxel moved to. It is actually like an invisible line. Now, 
the second area can be chain coded. This masking is done until no 
other areas are found on the level being checked. Connecting layer 
to layer should also be done in this way to save time by not having 
to check for occupancy. Layers should be connected by moving in 
the correct x and y amounts, if the perimeter voxels do not line up 
between the two layers at this location, and then the level 
increased. Only the x andy movements should be "invisible" since 
the increasing of the level will be right at the starting voxel of the 
next layer's first area to be found. This type of chain code will need 
to be written and read from one side of the part to the other since 
the ends of the spiral will be open, as can be seen in Figure 12. 
This will only be a problem if there is an open end on the bottom 
of the part as there may be some extrusion that protrudes inside of 
the spiral and because the spiral is on the perimeter, this type of 
interference could not be detected. Because there can be no 
protrusions like this ·On a side of the part, the chain code must be 
written as such. To further save memory, characters could be used 
as direction indicators. 

\ ·:~- _[.~j~~3 
:( .' .. ,-~·!~II 

Figure 12. Exageration of idea of spiral chain 
code. Note: left and right ends of 
chain code are open. 

Because the parts will be lowered into the barrel 
(vertically towards the barrel's bottom surface), only the contour of 
the bottom surface of the part needs to be evaluated. This is shown 
in Figure 13. In other words, to check for interference, the starting 
voxel (which will be the lowest occupied voxel in the part matrix) 
is placed on top of a barrel voxel (the height that the voxel would 
be if the barrel were represented as a 3-dimensional matrix), and 
then, the contoured surface is checked for a barrel voxel that 
protrudes through it If interference is detected, the part must be 
moved up until there is either no interference or the part is at the 
top limit of the barrel. The reason the part is moved up is to check 
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Figure 13. Bottom surface contour of part (cylinder). 

for a possible hanging placement. To further make this process 
fas ter and smarter, the current height of the placement of the 
starting voxel (of the part matrix) is subtracted from the height of 
the barrel voxel column that made interference with the part's 
bottom surface. This difference is the distance that the part must 
move upward so that it will not interfere with this same barrel 
voxel column. Now interference must be checked for again, as 
some other voxel column of the barrel may interfere with the part's 
bottom surface. When there is no interference and the part is not 
protruding past the top plane of the barrel, the placement must be 
further checked for validity. Then, the starting voxel of the part is 
moved to the next barrel voxel column and interference is checked 
for. 

Balance Checking 
After the placement of a part has been successfully tested 

for interference, it is still not yet a valid placement. It must now be 
tested for balance. If the part were to fall or roll, it would no longer 
be where the system thought it was, and the status of the barrel 
would no longer be known. Because of this, the robot must check 
to see if the part would be balanced at this placement before it puts 
the part in the barrel. To check for balance, the part's centroid 
must be calculated. 

The centroid of a part is the center of mass of an object. 
Calculating this is very simple to do using the voxel representation 
of the part. By the definition of the word, the centroid is the 
average of all of the locations of all of the centers of all of the 
voxels (since the center of each voxel is its own center of mass) 
With respect to the origin. For example, on a 2-dimensionallevel, 
the centroid of a square of 4 unit voxels is in the center of that 
square by the definition of a centroid. If the origin of the 
coordinate system is also in the center of the square at the bottom 
of the voxels, it can be seen that the centers of the 4 voxels are: 
(0.5, 0.5, 0.5), (0.5, -0.5, 0.5), (-0.5, -0.5, 0.5), and (-0.5, 0.5, 0.5). 
The average point of these 4 points is (0, 0, 0.5). Adding another 
square of 4 unit voxels on top of the others will make a cube of 8 
unit voxels. The 8 centers are: (0.5, 0.5, 0.5), (0.5, -0.5 , 0.5), 
(~0 .5, -0.5, 0.5), (-0.5, 0.5, 0.5), (0.5 , 0.5, 1.5), (0.5, -0.5, 1.5), 
(~0.5, -0.5, 1.5), and (-0.5, 0.5, 1.5). The average of these 8 points 
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is (0, 0, 1 ), which would obviously be the centroid of a cube of 
these dimensions in this coordinate system. 

If all of the contact points of the part were on its bottom 
surface, a polygon of the outermost points could be drawn. Then, 
if the centroid of the part can project a line vertically (towards the 
bottom of the barrel) that passes through the polygon, the part 
would be balanced. However, some of the contact points may or 
may not contribute to the balancing of the part, and those that do 
may not even be on a bottom surface (This would occur if the part 
were leaning against a surface). For this reason, all contact points 
and the contacting surfaces between the part and the barrel, or parts 
already in the barre~ must be found and stored in a matrix. These 
points and surfaces are used to balance the moments about the 
centroid of the part. As can be seen in Figure 14, there are 4 
moments that must be balanced. For sake of explanation a 
bounding box is placed around the part. This box has a front, back, 

FRONT 
FACE 

RIGHT 
MOMENT 

Figure 14. Moments about a bounding box of a part. 

left, right, top and bottom face. Looking at the front face, and 
rotating the box counter-clockwise is the direction of the moment 
labeled the left moment The opposite direction is the direction of 
the moment labeled the right moment Facing the right side of the ' 
bounding box, rotation of the box in the counter-clockwise 
direction is the direction of the moment labeled the front moment. 
Rotating the box the opposite direction is the direction of the 
moment labeled the back moment Al14 of these moments must be 
opposed for the part to be considered balanced. The centroid is 
used to determine which moments, if any, are being opposed. For 
example, if there is bottom contact on a voxel that is in front of the 
centroid, then it can be said that the front moment is opposed . . 
There are 12 ways that these oppositions can occur: 
* bottom contact in front of the centroid opposes front rotation, 
* bottom contact behind the centroid opposes back rotation, 
* bottom contact to the left of centroid opposes left rotation, 
* bottom contact to the right of centroid opposes right rotation, 
* left side contact above the centroid opposes left rotation, 
* right side contact above the centroid opposes right rotation, 
* back side contact above the centroid opposes back rotation, 
* front side contact above the centroid opposes front rotation, 
* left side contact below the centroid opposes right rotation, 
* right side contact below the centroid opposes left rotation, 
* back side contact below the centroid opposes front rotation, 
* front side contact below the centroid opposes back rotation. 

However, the last 4 counteractions will most likely not contribute 
as much as the others, and may not be able to actually hold the part 
at rest due to slippage. Therefore, the last 4 counteractions are 
neglected. Because all parts will be lowered into the barrel, there 
will not be any top surface contact on the part currently being 
placed. 



Because a voxel representation does not truly represent 
the geometrical surface and material characteristics of an object 
accurately, there may be some problems that will be overlooked by 
the system. For instance, since the part's material and homogeneity 
are unknown from the voxels, using the centroid as the center of 
gravity may not be accurate. Also, a part's representation may 
appear to have a flat surface when it is in fact round (shown in 
Figure 3). For these reasons, tipping and rolling will be difficult to 
account for. Once again, this depends on the resolution of the 
system. 

Best Placement 
Because one part is being placed at a time, the best 

placement of a part is defined as the one with the least amount of 
void space and, at the same time, leaves the most amount of 
continuous space for the next part to be placed in. The most 
important of these two things is the void space. Once void space 
is created, it is no longer usable space th!oughout the packing of 
this particular barrel. Creating this space must be minimized if the 
barrel is to be densely packed. 

Void space, shown in Figure 15-B is the amount of barrel 
voxels underneath a part, or an extrusion of a part, still left 
unoccupied after the part has been placed (or hypothetically 
placed) in the barrel. To do this quickly, a bounding box is formed 
around the part's front, back, left, and right side so that only the 
columns located in this volume are checked for void space. The 
part is hypothetically placed in the barrel, meaning that conversions 
are calculated so that corresponding part and barrel voxels can be 
cross-examined. To count void space, the height of the first barrel 
voxel column in this volume plus one up is examined (because it 
is the first voxel in this column that a part column can be placed). 
If this voxel is still left unoccupied by the hypothetical placement 
of the part, then 1 is added to a temporary variable (which is 
initialized to 0 before each column is checked). Then, the barrel 
voxel directly above in this column is examined in the same way. 
This occurs until either the top of the barrel is reached or an 
occupied part voxel is found. If the top of the barrel is reached, the 
temporary variable is set to 0 and the next barrel voxel column is 
checked. If an occupied part voxel is found, the value of the 
temporary value is added to a sum. This sum is the number of 
voxels that will be considered void space if the part is placed at the 
placement being checked. 

As shown in Figure 15-A, trapped space is the space 
trapped between the walls of the part and the barrel or parts in the 
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Figure 15. Types of space that can be created by the 
placements of parts. 
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barrel. This space must be minimized to leave more space for the 
next part to be placed in. Another way to visualize this is to think 
of the space on the other side of the part. This is the continuous 
space left for the placement of other parts. The orientation and 
placement of the part will effect the amount of continuous space 
left in the barrel (depending on the shape of the part and the status 
of the barrel). To make sure this occurs, as well as to save a great 
deal of time, only placements where some surface or surfaces of the 
part are touching another surface (of either the barrel walls or parts 
already in the barrel) are used. Continuity is the sum of the amount 
of unoccupied voxels bordering each unoccupied voxel. Therefore, 
the continuity of one voxel can range from 0 - 26 (continuity is 
measured in 3-D space). To check for continuous space, each 
barrel voxel must be examined for its own continuity. All of these 
voxel's continuous space is summed. This sum is the continuity of 
the placement being checked. A quicker way to check this would 
be to check the trapped space. This is done in the same way that 
void space is checked, except the space on the side is checked 
instead of the space underneath the part. This space is calculated 
for the front, back, left, and right faces of the part (this space will 
be represented by 4 sums respectively). Then, the left sum and 
right sum are compared to determine which space is trapped and 
which is continuous. The sum with the lowest number of voxels is 
the trapped space. This is determined for the front and back sums 
as well. The two trapped space sums are added. This sum is the 
amount of trapped space produced by the placement being 
checked. To further speed the process, every other column may be 
checked for each face. 

Therefore, if a placement is valid (meaning that there is 
no interference, the part is against a wall, and it is balanced), then 
the void space and trapped space are calculated and stored as is the 
placement point (of the starting voxel of the part in the barrel) and 
the orientation of the part(x, y, and z rotations from the original 
part). Therefore, trapped space and void space must be checked 
for each valid placement ofeach orientation of the part. The best 
placement of the part is the one where its placement and orientation 
create the least amount of void space and the highest continuity (or 
least amount of trapped space). 

Gripping 
Once the best placement has been found for a part, the 

robot must place the part into the barrel. It must grip the part in a 
location such that it can translate the part vertically into the barrel 
without making it's gripper, arm, or the part being placed hit the 
barrel or another part already inside the barrel. The part must be 
gripped at a top location for the orientation of the part that was 
selected for best placement. If no such location can be found on 
the part to do so for this particular placement, then another 
placement will need to be selected. 

Because of the differences between a part's voxel 
representation and its actual dimensions, the robot may not be 
gripping exactly where it needs to. These differences can be seen 
in Figure 3. To correct this problem the vision system calculates 
the distances the part is shifted inside the voxel representation. 
However, these distances have a standard deviation of the length 
that one pixel is equivalent to. Because the image is made up of 
pixels, the distance from the edge of a pixel to the edge of a part 
cannot be determined. 



Results and Conclusions 

After thorough experimentation, it was found that time is 
the major concern for a program to perform the tasks explained in 
this paper. This is due to the massive amount of spaces and that 
need to be analyzed and conditions that must be satisfied in order 
to find the most efficient, valid placement for a part. The latest 
version of this algorithm can find the "best" placement for most 
parts in under 10 seconds, in which the resolution of the system is 
113 inches. The 55 gallon drum's dimensions are approximately 
34 inches high with a diameter of 23 inches. Therefore, the barrel 
is broken into 355,318 cubes. Other 3-dimensional packing 
methods can take minutes to hours to place parts. 

Although balance is difficult to account for using 
voxelization, there are so many conditions to the most efficient 
placement it is usually not a problem. For example, if a cylinder 
were laid on its round side on a flat surface it would roll. However, 
this orientation of the cylinder would create more void space than 
if it were set on of its flat sides. This is penalized accordingly. 
Other problems include perspective of the part created by the 
camera. 

In the future, this process will be demonstrated using 
actual parts. Parts will be viewed using a video camera. The 
vision system will then dimension the part (Figure 4 and Figure 5). 
The part matrix created from the vision system computer will then 
be sent to a Silicon Graphics workstation where it will be used to 
calculate the "best" placement for the part. The part will then be 
placed in the barrel by a GE-P60 manipulator. 
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ABSTRACT 

An alternate approach in determining the inverse 
kinematic solution for robotic manipulator is 
presented. A robotic manipulator with three degrees 
of freedom is utilized to evaluate this methodology. 
The overall approach is to use a decentralized fuzzy 
controller for each joint, with a Fuzzy Associative 
Memories (F AM) performing the inverse kinematic 
mapping in a supervisory mode. The F AM 
determines the inverse kinematic mapping which maps 
the desired Cartesian coordinates to the individual 
joint angles. 

1. Introduction 

The fuzzy logic has been the area of heated 
debate and much controversy during the last three 
decade. The first paper in fuzzy set theory , which is 
now considered to be the seminal paper of the subject, 
was written by Zadeh [ 6], who is considered as the 
founding father of the field. In that work Zadeh was 
implicitly advancing the concept of human 
approximate reasoning to make effective decisions on 
the basis of available imprecise linguistic 
information. The first implementation of Zadeh's 
idea was accomplished in 197 4 by Mamdani [7], 
which demonstrated . the viability of Fuzzy Logic 
Control (FLC) for a small model steam engine. After 
this pioneer work, many consumer products. as well as 
other high tech. applications using fuzzy technology 
have been developed. 

The utilization and implementation of fuzzy logic 
as applied to serial and parallel robots have been 
studies by several researchers during the last five 
years [3]-[4], [8]-[14]. Kumbla and Jamshidi 
evaluated the hierarchical control of a robotic 
manipulator using fuzzy logic which included a fuzzy 
solution to the inverse kinematic equations [ 4]. The 
conversion of the desired cartesian coordinates to 
manipulator link angles was done using . fuzzy 
mapping. The controller for each joint was a fuzzy 
controller based on an equivalent Proportional
Derivative (PD) controller. Both of the FAMs were 
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designed using the conventional methods, in that the 
designer selected the number of fuzzy sets and rules, 
based on knowledge of the system and expected 
results. These rules and sets were then fme tuned by 
the designer to produce the desired results. The 
simulations were done on a two degree of freedom 
manipulator and required 56 rules for the inverse 
kinematic mapping. 

This paper will provide an alternate solution for 
generating the inverse kinematic solution for robotic 
manipulator. The control of a robotic manipulator is 
hampered by complex kinematics and non-linear 
motion. The alternate solution will solve this problem 
by using the simple forward kinematic equations to 
train a Fuzzy Associative Memory (F AM) to map the 
inverse kinematic solution. 

The proposed method will evaluate the 
improvements possible by building the inverse 
kinematic mapping, using data from the robot. The 
inverse kinematic mapping will be created using an 
Adaptive Neuro-Fuzzy Inference System (ANFIS). 

2. Fuzzy Logic 

During the last four decades, most of control 
system problems have been formulated by the 
objective knowledge of the given systems (e.g. 
mathematical model). However, it is well known, 
there are knowledge based systems and information 
which cannot be described by traditional 
mathematical representations. Such relevant 
subjective knowledge is often ignored by the designer 
at the front end, but often utilized in the last phase in 
order to evaluate such design. Fuzzy Logic provide a 
framework for both type of these knowledge. So 
called knowledge based methodology is much closer 
to human thinking and natural language than tradition 
the so called crisp logic. 

A fuzzy system uses simple linguistic terms to 
create a non-linear mapping surface. This ability to 
easily create a non-linear mapping surface is the 
benefit of the fuzzy logic. Fuzzy logic consists of 
three parts: fuzzifier, rule evaluation and 



defuzzification. The "fuzzifier" converts the crisp 
values of the process measured by sensing devices into 
a fuzzy quantity. The "rule evaluation" makes a 
decision based on the established rule base. The 
"defuzzification" converts the output of the fuzzy rule 
evaluation process into values (crisp) that can be used 
the external system. 

The fuzzifier is made of linguistic variables. 
Linguistic variables are simple normalized functions 
which represent natural language. Examples of 
linguistic variables would be "low pressure", 
"moderate pressure" and "high pressure", for the 
variable pressure. The linguistic variables can be 
represented by various functions like gaussian or 
triangular. The functions are normalized so that the 
maximum value is 1. 0. 

The fuzzy rule evaluator is represented as a 
collection of "if -then" rules which "fire" depending 
on the value of the inputs. For example: 

if (press is high) and (temp is high) then y is k1 

if (press is moderate) and (temp is high) then y is k2 

The defuzzifier converts the fuzzy outputs of the 
fuzzy rule evaluator to a crisp output by one of 
various methods. Based on the system being 
controlled defuzzification could be done based on 
maximum, minimum, centroid, weighted average or 
Mean-max [3]. 
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Figure 2-1 Linguistic Variables 

Adaptive Neuro-Fuzzy Inference System (ANFIS) [8], 
[9] . . 

The fuzzy inference process described earlier is 
known as the Mamdani fuzzy inference method [7]. 
ANFIS is based on a fuzzy inference called Sugeno or 
Takagi-Sugeno-Kang method [9]. This method is 
similar to the Mamdani format except that the output 
membership functions are singleton spikes rather than 
a distributed fuzzy set. Using the singleton output 
simplifies the de-fuzzification and makes the typical 
fuzzy rule of the Sugeno model have the form: 
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if (press is high) and (temp is high) then 
y = k1 *press+ k2*temp+ k3 

This form is akin to a neural network and allows 
for the tuning of the membership functions using a 
backpropagation algorithm. This allows the ANFIS to 
learn or adapt based on the input-output training data. 
The structure of the ANFIS is shown below in figure 
2-2, the upper half shows the fuzzy Sugeno format 
while the lower portion is the equivalent ANFIS. It is 
possible to design a fuzzy system with only a limited 
model of the system. Based on the ability of an 
ANFIS to learn from training data it is possible to 
create an adaptive fuzzy system (ANFIS) with an 
extremely limited model of the system. This is 
beneficial since, as the complexity of the robot 
increases obtaining the inverse kinematic solutions is 
extremely difficult and computationally expensive. 
Using ANFIS allows for a very flexible generation of 
the fuzzy system including the number of membership 
functions. The ANFIS system generated by the fuzzy 
toolbox available in Matlab allows for the generation 
of a standard Sugeno style fuzzy inference system or a 

. fuzzy inference system based on sub-clustering of the 
data [5]. 

~ 
.. 

--··· -- .::.·::::: .. 
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Figure 2-2 ANFIS 

3 Kinematics of a Micro Robot 

3.1 Forward Kinematics 

The position of the end effector of a robot is 
based on the physical dimensions of the robots and the 
angles of each link. The most popular forward 
kinematic model is the Denavit-Hartenberg (D-H) 
model [1], [2]. The D-H representation results in a 4 
x 4 homogeneous transformation matrix representing 
each link's coordinate system at the joint with respect 
to the previous links coordinate system. The 
generation of the D-H representation is covered 



extensively in many text and will be covered here 
briefly to describe the Microbot robot. 

To determine the D-H representation of the 
Microbot robot a cartesian coordinate frame is 
established for each link. Each joint of the Microbot 
is revolute and the overall matrix which specifies the 
world frame to the tool frame location is: 

T; = AoAIA2A3 

For the Microbot robot, the D-H parameters for 
each link is described below [2]: 
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Table 1 M1crobot D-H Parameters 
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Figure 3-1 D-H Modeling 

With this information the overall matrix may be 
written as: 

AoA,A2A3 =[~ ~· HI:, -E ~· ~I~ ~, ~ ~I~ ~ ~ ~] 
0 0010 0 010 0010001 

with the overall orientation coordinate from base 
to tool as: 

[

c1c23 -c1s23 s1 ec,c2 + fc,c23 ] 
s 1c23 -s1s 23 -c1 es1c2 + js1c23 T= 
s2J c2J 0 h + es2 + fs2J 

0 0 0 1 

This overall representation is equal to 

[ ~ ~ ~ ~ J with "n" being the normal vector of the 

hand, "s" the sliding vector of the hand, "a" the 
approach vector of the hand and "p" the position 
vector of the hand [ 1]. This information describes the 
physical bounds and limits of the robot. 
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Figure 3-2 Microbot Robot 

3.2 Inverse Kinematics 
As has been mentioned in the chapter of 

introduction most controllers for robots require the 
inverse kinematic solution to determine the required 
joint angles. The inverse kinematic solution provides 
each joint angle based on the position of the end 
effector. Due to the design of most robots, there are 
multiple joint angles that provide the same end 
effector position. There are various methods to 
generate the inverse kinematic equations such as 
inverse transform, iterative and geometric approaches 
[ 1]. The method used in this paper is based on the 
using the position vector "p" described above. 

[
PrJ [eclc2 + fctc23] 
Py = es1c2 + fs1c23 
Pz h+es2 + fs23 

Solving these equations gives the following solutions 
to the inverse kinematic problem. 

8 1 = atan2[;:] or e, = atan2[ =~] 
e 2 = a tan 2 [ 

(p z - h)( e + fc 3 ) + fs 3 .J P; + P ~ ] 
(Pz- h)fs3 ± (e + fc 3).Jp; + P~ 

These inverse kinematics equations show the 
multiple solutions for the Micro bot joint angles. 

4. Fuzzy Inverse Mapping 
The ability to determine the requirement joint 

angles has been discussed previously, which also 
showed one way of generating the solutions to the 
inverse kinematic equations. The following method is 



an alternate approach to mapping the inverse 
kinematic solutions. The forward kinematic equations 
are relatively straight forward and easy to generate. 
The method chosen uses the forward kinematic 
equations to generate a collection of data relating the 
joint angles to the resulting Cartesian coordinates of 
the end effector. This data is then used to generate 
and train an ANFIS. 

The method used to generate the training data is 
similar to using the Microbot manipulator to create 
it's own inverse kinematic solution. Instead of solving 
the inverse kinematic equation, various angles are 
applied to the robot and the resultant cartesnian 
coordinates(P x' P Y & P J would be determined. This 
output is directly related to the angles input, and is 
one solution to inverse kinematic equation. This 
allows the ability to select the desired angles at the 
design stage and creates a unique mapping between 
the angles and the resultant cartesian coordinates. 
This method allows the creation of the inverse 
mapping based on actual information from the 
manipulator. 

In the Micro bot manipulator the angle 81 is 
dependent on the X and Y. This is confmned by the 
physical configuration of the robot and section 3.2 of 
Chapter 3. In the simulation, the test data was created 
from the possible ranges of X and Y. Figure 4-1 
shows the desired mapping between X, Y and 81 • 

100 

<D 0 
-100 • 

y 

Figure 4-1 Desired 81 Mapping 
The following method was used to obtain the 

fuzzy mapping for 91• The first step was to allow the 
ANFIS algorithm to generate the membership 
functions and number of rules. Next, the ANFIS was 
trained with the test data and the resultant accuracy 
was determined. The initial fuzzy inference system 
resulted in an overall root mean squared accuracy of 
0.4374 which was not considered acceptable. 

The ANFIS was then regenerated using a greater 
number of membership functions . The membership 
functions presently used are: 
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Figure 4-2 81 Membership Functions 

100 -r 
a; 0 -r-· 

-100 -·(' 

--. 

Fuzzy 

' . 
' ' 

;~r·- '~ , ~ : 
; .. ... .. I $ "', 1 1 

: ! ~:·· i· 
''j-
'' ~ ... 

.. .. :-..... .... 

Error 

Figure 4-3 81 Surfaces (Fuzzy) 

These membership functions produced as output 
surface which is shown below. Also included is the 
surface showing the error between the fuzzy angle and 
the desired angle. 

The maximum error was 3. go and occurred with 
X, Y equal to [-0.7, -0.111]. The overall RMS error 
was 0.0097. The error associated with the base joint 
(81) is very critical since with the design of the 
Microbot manipulator there is no other joint that could 
be adjusted to directly compensate for this error. 

The same method was used to generate the fuzzy 
mapping for 82• Both of the angles 82 & 83 are 
dependent on X, Y and Z. Based on the training data 
the mapping between X, Y and Z and 82 should look 
like: 
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Figure 4-4 Desired 82 Mapping 

To generate in inverse kinematic mapping for 82 

& 83, the ANFIS algorithm generated the initial 
membership functions and number of rules. The 
ANFIS was trained with the test data containing X, Y 
and Z and the corresponding angle 82 or 83 • Figures 
4-5 and 4-6 shows the present membership functions 
and surfaces for 82• 
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Figure 4-6 · 82 Fuzzy Inverse Surfaces 

Figure 4-6 shows the desired inverse kinematic 
mapping for 83 • 
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Figure 4-7 Desired 83 Mapping 

Figure 4-8 shows the present membership 
functions and Figure 4-9 shows the mapping surfaces 
for 83 • 

-0.5 0 0.5 -0.5 0 0.5 0.2 0.4 0.6 
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Figure 4-8 83 Membership Functions 

Figure 4-9 83 Fuzzy Inverse Surfaces 

Since the inverse kinematic solutions for angles 82 

or 83 are interdependent the true impact of the error is 
more difficult to illustrate. Figure 4-10 shows the 
impact of the overall error using all three fuzzy angle 
to determine the fmal end effector position. A simple 
version of the Microbot robot is displayed with the 
calculated positions and the resultant positions using 
the fuzzy inverse mapping. Also since the error is 
difficult to illustrate, Table 2 has been constructed 
showing the desired X, Y & Z and the resultant 
positions using the fuzzy inverse mapping, and the 
associated error. 
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Figure 4-10 Overall Error 

5 Conclusions 
The overall algorithm of creating the mapping 

surfaces using the forward kinematic equations and 
creating an ANFIS, obtained adequate results. For 
The worst error seen for e 1 , occurred along the steep 
transition area from 180° to -180°. The overall worst 
error occurred where the end effector was located 
close to the base of the manipulator. 

In applications where high accuracy is required 
the number of membership functions and rules can be 
increase. However, increasing the number of rules 
also increased the training time. This is not 
considered a major disadvantage since this time is 
small compared to the time saved calculating the 
inverse kinematic solutions while "on-line". 
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Desired Position Actual Position Error 
X y z X y z RMS 

-0.35 -0.35 0.225 -0.3577 -0.3476 0.2422 0.0343 
-0.35 0 0.225 -0.3519 -0.0168 0.2333 0.0446 
-0.35 0.35 0.225 -0.3578 0.3467 0.2432 0.0362 

0 -0.35 0.225 0.0061 -0.3548 0.2319 0.0245 
0 0 0.225 0.038 0.0383 0.1124 1.0014 
0 0.35 0.225 0.0011 0.3582 0.2295 0.0221 

0.35 -0.35 0.225 0.3517 -0.3533 0.2122 0.0246 
0.35 0 0.225 0.3529 -0.0007 0.2336 0.0215 
0.35 0.35 0.225 0.3524 0.3539 0.213 0.0237 
-0.35 -0.35 0 -0.3716 -0.3612 0.1037 0.2015 
-0.35 -0.35 0.225 -0.3577 -0.3476 0.2422 0.0343 
-0.35 -0.35 0.45 -0.3562 -0.3463 0.4481 0.0112 

0 -0.35 0 0.0063 -0.3711 0.1141 0.2993 
0 -0.35 0.225 0.0061 -0.3548 0.2319 0.0245 
0 -0.35 0.45 0.0061 -0.3581 0.45 0.0176 

0.35 -0.35 0 0.356 -0.3577 0.089 0.1747 
0.35 -0.35 0.225 0.3517 -0.3533 0.2122 0.0246 
0.35 -0.35 0.45 0.3619 -0.3636 0.412 0.0640 
-0.35 -0.35 0 -0.3716 -0.3612 0.1037 0.2015 
-0.35 -0.35 0.225 -0.3577 -0.3476 0.2422 0.0343 
-0.35 -0.35 0.45 -0.3562 -0.3463 0.4481 0.0112 
-0.35 0 0 -0.3702 -0.0177 0.0947 0.2573 
-0.35 0 0.225 -0.3519 -0.0168 0.2333 0.0446 
-0.35 0 0.45 -0.3585 -0.0171 0.4428 0.0358 

-0.35 0.35 0 -0.3596 0.3484 0.0153 0.0362 
-0.35 0.35 0.225 -0.3578 0.3467 0.2432 0.0362 
-0.35 0.35 0.45 -0.3554 0.3443 0.4487 0.0119 

Table 2 Overall Error 
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Abstract 

The kinematic design of the motion platform utilizes 
techniques often used in robotic design to det~rmine the 
motion platform system and serves as a foundation for the 
simulation. The forward and inverse kinematic equations are 
derived and differentiated to determine the equations used for 
the simulation. The simulation allows an evaluation of the 
performance characteristics of the motion platform to be 
made. By varying the geometry of the base and top frames 
and the leg lengths, the simulation provides data on the 
expected performance of the system .. The simul~tion can 
utilize performance data from the vehicle to be simulated. 
Performance characteristics of the motion platform, such as 
acceleration cues and sustained acceleration in different 
directions, are compared to required performance character
istics. 

1. Introduction 

This paper examines the kinematic design of a motion 
platform for use with simulators. Motion platform~ are used 
for fixed wing and helicopter simulators as .well as simulat?rs 
for ground based vehicles. The use of motiOn. platforms With 
simulators gives the trainee motion cues which adds to the 
simulation environment. The use of poor motion cues can 
actually produce negative training. The Federal Aviation 
Administration sets standards for certifying simulators to 
control which simulators can be used to train pilots and to 
define the type of training to be performed .in each simulat?r. 

In designing a simulator which will use a motion 
platform, the capability of the mo~on platform is. critical. 
Numerous motion platforms are avrulable, but the simulator 
designer needs to determine the applicability of a. motion 
platform to his intended simulator. Less accurate motion c~es 
are required of part task trainer simulators than for pilot 
in-flight simulators. This examination will yield a tool to 
allow the simulator designer to evaluate motion platforms of 
various configurations. This can also be used to help 
determine the size of motion platform required, should one 
decide to develop his own motion platform. This tool ~ill 
allow simulator designers to more quickly evaluate potential 
motion platforms, allowing a quicker incorporation of new 
motion platforms into simulator use. 

The motion platform considered in this examination is 
·based on the Stewart mechanism. The Stewart mechanism 
offers six degrees of freedom with a minimum number of 
actuators and shares the load across the legs. The Stewart 
mechanism consists of a top frame and a base frame 
connected by six actuator legs. This examination yields a 
simulation model of the motion platform to allow the 
parameters of the motion platform to be varied, so that an 
evaluation of the performance is possible. 

The Lockheed Martin Corporation has developed a 
reconfigurable crew station for which it wishes t? provide a 
motion platform. This reconfigurable crew station can be 

configured to simulate fixed and rotary wing aircraft cockpits, 
as well as ground based vehicle compartments. The 
reconfigurable crew station has a wide area of interest, and is 
designed to allow it to be assembled rapidly in a wide variety 
of locations. This crew station is designed for use within 
classrooms, to fit through doorways, and for use aboard ships. 
The use of a motion platform with the reconfigurable crew 
station stipulates that the motion platform also meet these 
requirements. However, in selecting or building a motion 
platform for use with the reconfigurable crew station, 
Lockheed Martin must first determine the capability of any 
proposed motion platform to perform at certain performance 
levels. 

The cost of the motion platform used with the 
reconfigurable crew station is to be low cost, in order to keep 
it from being prohibitive for use with the low cost 
reconfigurable simulation solution. The simulation tool 
developed contributes to possible cost savings, by allowing 
lower cost electric motion platforms to be compared to 
hydraulic motion platforms. 

2. Robotic Design 

Robotic design uses kinematic, static, and dynamic 
analysis to determine the characteristics of a robot. 
Mathematical representations of the robot are developed, and 
manipulation of the mathematical model is performed which 
can provide a simulation of the robot. Control theory is added 
to allow the robot to act in a controlled method to accomplish 
the desired goal. 

A robot can be considered a series of linked joints. The 
links are considered rigid, whereas the joints provide 
movement of the links relative to one another. Each of these 
links has a coordinate system, or frame, attached to it to allow 
description of position and orientation relative to others. A 
base frame is established and all other frames are determined 
relative to this base frame. The base frame is considered 
fixed. The final frame is called the end frame. The end frame 
is usually the part of the robot which performs the assigned 
task, and so is also referred to as the tool frame. The joints are 
classed into revolute and prismatic joints. Revolute join.ts 
allow the links that they join to move relative to each other m 
an angular motion. Prismatic joints allow the links that t?ey 
join to move relative to each other with displacement motion. 

"Kinematics is the science of motion which treats motion 
without regard to the forces which cause it" (Craig, 1955, p. 
6). Kinematic analysis looks at only the geometry of the 
motion, whereas dynamics is the analysis which looks ~t the 
forces and torques behind the motion. This study considers 
the kinematic design of a motion platform. 

2.1. Transformations 
The first step in robotic design is to define the links and 

frames. Transformations are defined to allow mappings from 
one frame to another. The transformation matrix to translate 
by a vector Q is given by 
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[

1 
. 0 

TQ(q) = ~ 

0 
1 
0 
0 

0 
0 
1 
0 

(1) 

where qx, qy, and qz are the components of the translation 
vector Q, and q is given by 

q = j q~ + q~ + q;. (2) 

The rotation matrices for rotating a degrees about the X axis, 
~ degrees about the Y axis, andy degrees about the Z axis are 
given by 

[~ 
0 -~ina]. Rx(a) = cos a (3) 

sin a cos a 

[ cos~ 0 sin~] 
Rv(~) = -~in~ 

1 0 ' and (4) 
0 cos~ 

rosy - siny 

n Rz(Y) = si~ y cosy (5) 

0 

The transformation matrix for rotating a degrees about the X 
axis, ~ degrees about the Y axis, y degrees about the Z axis, 
and translating by Q is given by 

[Rz(y)Rv(~)Rx(a) Tzyx(q) = 

0 0 0 

(6) 

where Rz(y)Ry(~)Rx(a) is the 3 x 3 matrix obtained by 
multiplying equations NO TAG, NO TAG, and NO TAG in 
the indicated order. Note that the order of rotations is 
important to the development of transformation matrices. 

2.2. Forward Kinematics 
Forward kinematic analysis determines the end frame 

relative to the base frame given definition of the links. With 
the forward kinematic technique, the configuration of each of 
the joints is known, so the transformations in the form of 
Equation NO TAG are used to determine the configuration of 
the end frame. 

2.3. Inverse Kinematics 
Inverse kinematic analysis is used to determine links 

given the configuration of the end frame. With this technique, 
the end frame configuration is known, and the transforma
tions are used to determine the the configuration of the 
previous manipulator. This is done recursively by employing 
the inverse of transformation NO TAG, until all configura
tions are found back to the base frame. 

2.4. Numerical Analysis 
Numerical Analysis is a field of Mathematics which is 

used to provide an approximate solution to mathematical 
equations. Its techniques are capable of providing a 
sufficiently accurate solution to a system of equations which 

the explicit solution does not exist or may require an 
enormous amount of work. The techniques utilized provide 
a solution in a more efficient manner than explicit solution to 
complex problems. 

Gaussian Elimination with Backward Substitution is an 
algorithm to attempt to solve a system of n linear equations in 
n unknowns by use of an augmented matrix. The Gaussian 
Elimination Algorithm attempts to reduce this matrix to a 
matrix of the form 

A= [1 bl2 bin bl,o+'] 
b22 b2n b2,~+ I ' (7) 

0 bnn bn.n+ I 

where all the elements of the matrix under the bii element are 
zero. The last row of Equation NO TAG provides a direct 
solution for X0 , namely bn,n+ 1 I bnn· Then backward 
substitution into the remaining rows of Equation NO TAG 
provides solutions for all the other unknowns (Burden, Faires, 
and Reynolds, 1981). Inputs to the algorithm include the 
augmented matrix and the number of equations and 
unknowns. 

Newton's Method for Nonlinear Systems is used with the 
Gaussian Elimination with Backward Substitution to solve a 
family of nonlinear algebraic equations. This technique uses 
the Jacobian matrix, the system of equations, and an initial 
approximation to the solution to determine a solution to the 
system of equations. The system of n nonlinear equations in 
n unknowns is represented by a matrix. The Jacobian Matrix, 
computed by taking the partial derivatives of the functions 
with respect to the unknowns. The estimated solution is 
refined by using Gaussian Elimination with Backward 
Substitution. The error term is used to further refine the 
estimated solution, until a solution' within the specified 
tolerance is found (Burden et al., 1981 ). Inputs to the 
algorithm include the initial estimate of the solution (X), the 
maximum number of iterations (N), and an error tolerance 
(TOL). 

3. Analysis 

The analysis first describes the Stewart platform. This 
description includes mathematically describing the geometry 
of the platform. The analysis yields the inverse and forward 
kinematics of the system. With the resulting equations, a 
simulation of the platform is performed, which allows the user 
to alter the length oflegs so that the platform may be designed 
to accommodate a suitable performance specification. A 
selection of appropriate actuators to meet the performance 
can be made from the results of the simulation. 

3.1. Geometry 
The Stewart platform forms the basis for the motion 

platform modeled (Liu, Fitzgerald, and Lewis, 1993). The 
Stewart platform has two frames, the top and the base, as 
shown in Figure NO TAG. The base frame is a semi-regular 
hexagon with sides of length b and d. The top frame is an 
equilateral triangle with sides of length a. Each of the corners 
of the base frame is connected to one of the comers of the top 
frame by a leg, with a two- or three-degrees~f-freedom 
universal joins. The legs are actuators of variable length 
(designated Li), which connect the base frame vertices (Bi) 
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B6 d 

Figure 1. Stewart Platform Geometry. 

varying the lengths of the legs. The base frame is fixed in 
position. The inertia frame of the base, X, Y, Z, is located at 
the center of the base with the Z axis pointing vertically 
upward. The inertia frame of the top, x, y, z, is located at the 
center of the top with the z axis pointing vertically upward. 

The location of the origin of the tpp frame with respect 
to the base frame is given by [Px• Py• Pz]T. The rotation is 
represented by ( a, ~' y) where the top frame is first rotated 
about the Y axis by ~ degrees, then about the X axis by a 
degrees, and finally about the Z axis by y degrees. 

Note that the platform consists of closed-chain links. For 
a closed-chain mechanism, algebraic constraints will have to 
be considered in deriving the transformation matrices. In the 
following study, algebraic constraints will be imbedded into 
the derivation of transformations using explicitly the 
geometric topology. 

f 3.1.1. Geometry of the Top Frame 
The top frame is an equilateral triangle with sides of 

length a. All three points are in the x-y plane, so the z 
coordinates of these points are all zero. 

The length from T 3 or T 1 to the x axis is given by a/2. The 
x coordinate ofT2 is zero. Figure 2 shows the geometry used 
to determine the x coordinates of T1 and T3. The T1, T2, T3 
angle is 60°, since the triangle is an equilateral triangle. The 
angle from T 3 to the center of the triangle is half the corner 

T2 

Figure 2. Geometry of Top Base Coordinates. 

angle, or 30°. Using the 30-60-90 triangle, the x coordinate 
of T1 and T3 is given by 

xT, = xT, = ~ tan(3Q·) = af. (8) 

Using the 30-60-90 triangle formed by T2, T3, and the x axis, 
the length from line segment T 1 T 3 to T 2 is given by 

x1 = ~ tan(60·) = 3af = a;;. (9) 

Subtracting the length from the center to the line segment 
T 1 T 3 from the total length gives the length along the x axis to 
T2 as 

a/3 a/3 a/3 
IXT

2
1 = Xt- XT

1 
= 2- 6 = -

3
-. (10) 

Therefore, the coordinates for the top base points are given by 

(
a/3 a ) 

Tt = 6' 2' 0' (11) 

T2 = (-aJ3 0, 0). and 3 ' 
(12) 

T3 (at. _ ~· 0). (13) 

3.1.2. Geometry of the Base Frame 
Figure 3 .shows the geometry of the semi-regular 

hexagon base frame. All the interior angles of the platform 
are 120°. The Z coordinates of all the vertices are zero, since 
they all lie in the X-Y plane. 

(b +d) 

b r 2 14 -2 
B~oo~~4~o--=---..c1> .j ~ 

~I 

Figure 3. Physical Dimensions of Base. 

!3 (b + 2d) 
6 

!3 (b -d) 
6 

/3(2b +d) 
6 

Connecting the points of the platform by drawing line 
segments B6B3, B2Bs, and B1B4 forms an equilateral triangle 
within the platform. The triangle formed by B2, B3, and the 
point on the line segment between B2 and Bs directly below 
B3 forms a 30-60--90 triangle, with the angle between 
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segment B2Bs to segment B2B3 measuring 60°. With the 
B2B3 side of the triangle of length d , the distance along the x 
axis from B3 to the line segment B2Bs is given by 

X 8 B 8 = d sin(60°) = d
2
/3. 

3• 2 5 
(14) 

The triangle formed with B2, B3, and the point on the line 
B~3 directly above B2 forms a 30-60-90 triangle, with the 
angle between B2B3 and line B3B4 measured at 60°. Since the 
B2B3 side is of length d, the Y distance from B2 to line B3 is 
given by 

0 d 
Y 83.82 = d cos( 60 ) = 2. (15) 

From Equation 15, theY coordinate of B2 is given by 

(16) 

Since the line segment B3B6 is parallel to B1B2, the angle 
between B3B6 and B3B4 is 60°. Therefore, the triangle 
between B3, the point on B2Bs directly below B3, and the 
vertex of the interior equilateral triangle is a horizontally 
reflected copy of the triangle formed by B2, B3, and the point 
on B3B4 directly above B2. The Y coordinate of the vertex of 
the equilateral triangle closest to B2, called E2, is given by 

b-d YE = y8 - y8 .B = --
2 3 3 2 2 

(17) 

Therefore the length of a side of the equilateral triangle is b 
-d. The X distance from line B2Bs to the center of the interior 
equilateral triangle, and base frame, is given by 

X _ (b - d) 13 (1 8) 
82.c - 6 ' 

where C is the center point of both the interior equilateral 
triangle and the base frame. The triangle formed by B 1, B2, 
and the intersection of the X axis and line B2Bs is a 30-60-90 
triangle, with the 60° angle between B 1B2 and B2Bs. Since 
the length of B1B2 is b, the X distance from B2Bs to B1 is 
given by 

(19) 

The X coordinate of B 1 and B3 are then given by 

_ X _ (2b + d) 13 
Xsl = Xsl.B2 B2.c - 6 . (20) 

(21) 

The coordinates of the base frame vertices are given by 

B 
1 

= ( C2b + d) 13 4 o) 
6 ' 2' ' 

(22) 

( (b - d) 13 (b + d) 
6 2 

(23) 

B3 = ( (b + 2d) 13 b o} 6 '2' 
(24) 

B4 = ( 
(b + 2d) 13 - ¥· 0). 6 

(25) 

Bs = ( _ (b -d) 13 _ (b +d) o) 
6 

, 
2 

, , and (26) 

B = (C2b+d)/3 _ 4 o) 
6 6 ' 2' . 

(27) 

The final dimensions of the top and bottom frames are 
given in figures 3 and 4. 

y 

Figure 4. Physical Dimensions of Top. 

3.2. Inverse Kinematics 
The transformation matrix for translating by the vector P, 

defined to be [ Px• Py• Pz]T, is given by 

T p(p) = [8 ~ ? ~:]. (28) 
0 0 0 1 

The rotation matrix for rotating about the Y axis by ~ degrees 
is given by 

· [ cos ~ 0 sin ~] 
Ry(~) = ~ 1 0 . 

-Sin~ 0 COS~ 
(29) 

The rotation matrix for rotating about the X axis by a degrees 
is given by 

Rx(a) = 0 C?sa - sina . 
[ 

1 0 0 ] 
0 sma cosa 

(30) 

The rotation matrix for rotating about the Z axis by y degrees 
is given by 
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- siny 
cosy 

0 
(31) 

The homogeneous rotation matrix from the top to the 
base frame is described by the rotation matrix 

Multiplying equations 30 and 31 together gives 

[ 

cos Y - sin y 0 ] 
Rx(a)Rz(Y) = c?s a s_in y c?s a cosy _ sin a . 

smasmy smacosy cosa 
(33) 

R~ = Ry(~) Rx(a) Rz(Y) (32) Pre-multiplying Equation 33 by Equation 29, and 
multiplying by Equation 28 yields th~ transformation matrix 

[ 

cos ~ cosy + sin a sin ~ sin y - cos ~ sin y + sin a sin B cosy cos a sin ~ Pxl 
cos a sin y cos a cos y - sin a py 

T~
0

!e = - sin ~ cosy + sin a cos ~ sin y sin ~ sin y + sin a cos ~ cosy cos a cos ~ Pz · (34) 
0 0 0 1 

3.2.1. Inverse Kinematic Determination of the Top 
The transformation matrix is used to determine the 

coordinates of the top frame in terms of the base frame as a 
function of the top frame's position and orientation with 

~~:] = T~~)Px. Py, P2 , a, ~. y{~il = I, 2, 3. (35) 

Multiplying out Equation 35 , yields 

XT- = Px + xTi(cos ~cosy + sin a sin~ sin y) + (36) 
1 

YT-(- cos~ sin y + sin a sin~ cosy) + zT. cos a sin~. 
1 1 

YT. = Py + xT-cosasiny + yT-cosacosy 
1 1 1 

- zT. sin a, and 
1 

(37) 

(38) 
= P 2 + xT.(- sin~ cosy + sin a cos~ sin y) 

1 

+ YT-(sin ~sin y + sin a cos~ cosy) + zT- cos a cos f 
1 1 

where i takes on values of 1, 2, and 3. 
In determining the position of the vertices of the upper 

frame, the sin and cosine of the sum and difference of angles 
are used. Substituting the equations for the top frame vertices 
into equations 36 through 38, yields 

XT
1 

= Px + ]3-[sinasin~sin(y + 60°) + 

cos~ cos(y + 60 o )], 

Pz + ]3-[sinacos~sin(y + 60°) 

- sin~ cos(y + 60 o )], 

(39) 

(40) 

(41) 

(42) 

(43) 

ZT = P 2 - ~(sinacos~siny- cos~cosy), 
2 ..;3 

(44) 

XT = Px + ~[sinasin~sin(y- 60°) 
3 ..;3 (45) 

+ cos~ cos(y - 60 o )], 

(46) 

ZT = Pz + ~[sinacos~sin(y- 60°) 
3 ..;3 (47) 

- sin~ cos(y - 60 o )]. 

3.2.2. Inverse Kinematic Determination of the Legs 
Using the distance formula and the equations for the base 

vertices, the dimensions of the legs are given by 

( XT1 - dr;;-- ~)
2 

+ (YT
1

- ~) 2 
+ Z~1 , 

2 ..;3 ..;3 (48) 

( 
d b )

2 

( d b)
2 

2 XT - - + - + y - - - - + z 
1 2 '3 ·'3 Tl 2 2 Tl ";) v;) ( 49) 
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The Jacobian matrix can be derived by simply 
differentiating the above equations. 

4. Discussion of the Results 

The simulation program was run for several configura
tions of the motion platform. The configuration is defined by 
giving the size of the length of the sides of the top frame 
triangle, the sides of the bottom frame semi-regular hexagon, 
the initial height of the top frame, and the length of stroke 
available to the legs. The simulations start with the platform 
in the neutral position, that is Px and Py are both zero, and Pz 
is such that each leg is at the middle of its available stroke. 
The stroke length used for these configurations is one quarter 
of the leg length while in the neutral position. The legs were 
assumed to be at the middle of their available stroke when in 
the neutral position. Further, the legs were assumed to be 
capable of contracting to half the neutral position length, and 
expand a corresponding amount. Table 1 defines the 
configurations for which the simulation was performed. The 
simulations are stopped when any of the legs reaches its 
maximum or minimum length. 

Table 2 summarizes the time to reach the end of a leg for 
the tested configurations of the motion platform. 
Accelerations of one force of gravity (32 feet/second2) were 
used for X, Y, and Z accelerations, and 32°/second2 for the 
angular accelerations. The simulation determines the time 
that the motion platform can sustain an input in one degree of 
freedom from its neutral position until at least one leg reaches 
its maximum or minimum size. 

Clearly, the amount of stroke is a major factor in the 
amount of acceleration that a platform can sustain. The 
amount of stroke is limited by the length of the legs in the 
neutral position. Therefore, the smaller the legs in the neutral 
position, the shorter duration that a platform can maintain an 
acceleration. 

There is an interesting relationship between the relative 
lengths of the legs in the neutral position to the horizontal size 
of the platform. Figure 1 shows a plot of the translational 
excursions with varying initial top frame heights (and 
therefore correspondingly varying leg strokes) for platforms 
of setups 1 through 9. As Figure 1 demonstrates, there is an 
initial height of the top frame for which the Z excursion is 
minimized. 

Table 1 Definition of the Tested Platform Configurations. 

Set- a (feet) b (feet) d (feet) pz_init L_stroke 
up (feet) (feet) 

1 10 10 2 20 10.344 
2 10 10 2 15 7.9529 
3 
4 

10 
10 

10 
10 

2 

2 

10 
7 

5.6568 
4.3875 

ED -- y 

--- z 

15 --- -- --- - ------ ~--------------- ~---------------
' ' 
' ' 
' ' 
' ' ' . 
' ' 
' ' ' . 
' ' 
' ' 
' ' 
' ' 
' ' 
' ' ' . 

~ : : 
~ I 1 

j " ··· ···· ·· · ·····~·······//:/)/;.:o~······J~: ·~···~·/' 
. / ~/_/-· 

5 -"~~;:~?~~, --·············'········ ····· · 
. . . . . . . . . ' . ' 

Initial Z (feet) 

Figure 5. Relationship of Excursions Versus Initial Height. 

5 10 
6 10 
7 10 
8 10 
9 10 
10 5 
11 3 
12 3 
13 3 
14 3 
15 3 
16 3 
17 3 
18 3 
19 3 
20 3 
21 3 
22 3 
23 3 
24 13.07 
25 6.49 

10 2 
10 2 
10 2 
10 2 
10 2 
10 
3 

1 
1 

1 1 
1 0.5 
1 0.5 
1 0.5 
1 0.5 

1 
16.09 
6.86 

0.5 
0.5 
0.5 
0.5 
0.5 

0.79 
0.52 

5 3.6401 
4 3.3166 
2 2.8284 
1 2.6926 

0.5 2.6575 
5 3.5473 

0.9129 
1 0.7071 
3 1.5811 
10 5.0249 
5 2.5778 
4 2.0966 
3 1.6266 
2 1.1815 

1.5 0.9789 
1.25 0.8868 

0.8036 
0.75 0.7324 
0.5 0.6770 
5.07 4.9093 
3.85 1.125 
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Table 2. Time to End of Leg Reached for Platform Configurations (Seconds). 
Setup X -X Y - Y Z -Z a 

1 1.07 1.11 1.08 1.08 0.81 0.83 2.37 
2 0.91 0.95 0.91 0.91 0.71 0.75 2.37 
3 0.72 0.77 0.73 0.73 0.61 0.70 2.31 
4 0.60 0.65 0.61 0.61 0.56 0.66 1.97 
5 0.52 0.57 0.53 0.53 0.53 0.55 1.83 
6 0.49 0.54 0.49 0.49 0.52 0.50 1.79 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

0.43 
0.41 
0.41 
0.55 
0.25 
0.24 
0.41 
0.80 
0.55 
0.48 
0.41 
0.33 
0.29 

0.46 
0.42 
0.41 
0.53 
0.27 
0.24 
0.41 
0.80 
0.54 
0.47 
0.40 
0.32 
0.28 

0.43 
0.42 
0.41 
0.52 
0.25 
0.23 
0.40 
0.80 
0.53 
0.47 
0.40 
0.32 
0.28 

0.43 
0.42 
0.41 
0.52 
0.25 
0.23 
0.40 
0.80 
0.53 
0.47 
0.40 
0.32 
0.28 

0.53 
0.56 
0.58 
0.52 
0.28 
0.23 
0.31 
0.56 
0.40 
0.36 
0.32 
0.28 
0.26 

0.35 
0.25 
0.17 
0.55 
0.25 
0.25 
0.33 
0.56 
0.41 
0.38 
0.35 
0.35 
0.30 

1.21 
0.84 
0.59 
2.37 
1.61 
1.56 
2.37 
2.37 
2.37 
2.37 
2.37 
1.79 
1.71 

-a 
2.37 
2.37 
2.31 
1.97 
1.83 
1.79 
1.21 
0.84 
0.59 
2.37 
1.61 
1.56 
2.37 
2.37 
2.37 
2.37 
2.37 
1.79 
1.71 

2.37 
2.37 
2.35 
1.98 
1.85 
1.83 
1.65 
1.12 
0.78 
2.37 
1.72 
1.51 
2.27 
2.37 
2.37 
2.37 
2.37 
2.03 
1.88 

2.37 
2.37 
2.37 
2.37 
1.93 
1.65 
1.12 
0.78 
0.55 
2.37 
1.48 
1.48 
2.05 
2.37 
2.37 
2.37 
2.02 
1.70 
1.65 

20 0.27 0.26 0.26 0.26 0.26 0.27 1.71 1.71 1.85 1.69 
21 0.25 0.24 0.24 0.24 0.25 0.25 1.61 1.61 1.86 1.48 
22 0.23 0.23 0.22 0.22 0.25 0.21 1.36 1.36 1.93 1.26 
23 0.22 0.21 0.21 0.21 0.26 0.17 1.10 1.10 1.48 1.02 
24 0.58 0.64 0.58 0.58 0.66 0.56 1.78 1.78 2.09 1.62 
25 0.30 0.35 0.31 0.31 0.30 0.33 1.27 1.27 1.23 1.27 

Note. Applied accelerations 32 feet/second2, or 32°/secondl, applied in one degree of freedom only. 

y 
3.35 
3.35 
3.35 
2.17 
1.79 
1.64 
1.41 
1.34 
1.31 
3.35 
1.48 
1.78 
3.35 
3.35 
3.35 
3.35 
3.35 
3.35 
3.35 
3.35 
2.31 
2.04 
1.86 
1.71 
1.27 

-y 
3.35 
3.35 
3.35 
2.17 
1.79 
1.64 
1.41 
1.34 
1.31 
3.35 
1.48 
1.78 
3.35 
3.35 
3.35 
3.35 
3.35 
3.35 
3.35 
3.35 
2.31 
2.04 
1.86 
1.71 
1.27 

Table 3 shows the maximum excursions of the tested configuration is capable of making the required excursions 
platform configurations in each of the six degrees of freedom. specified by a customer's specification document. 
The maximum excursions are used to determine whether the 

Table 3. Platform Excursions (Feet Translational, Degrees Rotational). 
Setup Max X Min X Max Y Min Y Max Z Min Z Max a Min a Max ~ Min ~ Max y Min y 

1 18.31 -19.7 18.66 -18.7 10.50 -11.0 89.87 -89.9 89.87 -89.9 179.6 -179.6 
2 13.25 -14.4 13.25 -13.3 8.07 -9.00 89.87 -89.9 89.87 -89.9 179.6 -179.6 
3 8.29 -9.49 8.52 -8.53 5.95 -7.84 85.38 -85.4 88.36 -89.9 179.6 -179.6 
4 5.76 -6.76 5.95 -5.95 5.02 -6.97 62.09 -62.1 62.73 -89.9 75.34 -75.3 
5 4.33 -5.20 4.49 -4.49 4.49 -4.84 53.58 -53.6 54.76 -59.6 51.27 -51.3 
6 3.84 -4.67 3.84 -3.84 4.33 -4.00 51.27 -51.3 53.58 -43.6 43.03 -43.0 
7 2.96 -3.39 2.96 -2.96 4.49 -1.96 23.43 -23.4 43.56 -20.1 31.81 -31.8 
8 2.69 -2.82 2.82 -2.82 5.02 -1.00 11.29 -11.3 20.07 -9.73 28.73 -28.7 
9 2.69 -2.69 2.69 -2.69 5.38 -0.46 5.57 -5.57 9.73 -4.84 27.46 -27.5 
10 4.84 -4.49 4.33 -4.33 4.33 -4.84 89.87 -89.9 89.87 -89.9 179.56 -179.6 
11 

12 
13 
14 
15 
16 
17 
18 
19 

1.00 
0.92 
2.69 
10.24 
4.84 
3.69 
2.69 
1.74 
1.35 

-1.17 
-0.92 
-2.69 
-10.2 
-4.67 
-3.53 
-2.56 
-1.64 
-1.25 

1.00 
0.85 
2.56 
10.24 
4.49 
3.53 
2.56 
1.64 
1.25 

-1.00 
-0.85 
-2.56 
-10.2 
-4.49 
-3.53 
-2.56 
-1.64 
-1.25 

1.25 
0.85 
1.54 
5.02 
2.56 
2.07 
1.64 
1.25 
1.08 

-1.00 41.47 
-1.00 38.94 
-1.74 89.87 
-5.02 89.87 
-2.69 89.87 
-2.31 89.87 
-1.96 89.87 
-1.96 51.27 
-1.44 46.79 
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-41.5 47.33 -35.1 35.05 -35.1 
-39.0 36.48 -35.1 50.69 -50.7 
-89.9 82.45 -fJ7.2 179.56 -179.6 
-89.9 89.87 -89.9 179.56 -179.6 
-89.9 89.87 -89.9 179.56 -179.6 
-89.9 89.87 -89.9 179.56 -179.6 
-89.9 89.87 -fJ5.3 179.56 -179.6 
-51.3 65.93 -46.2 179.6 -179.6 
-46.8 56.55 -43.6 179.6 -179.6 



-Setup Max X MinX MaxY Min Y MaxZ MinZ 

20 1.17 -1.08 1.08 -1.08 1.08 -1.17 

21 1.00 -0.92 0.92 -0.92 1.00 -1 .00 

22 0.85 -0.85 0.77 -0.77 1.00 -0.71 

23 0.77 -0.71 0.71 -0.71 1.08 -0.46 

24 5.38 -6.55 5.38 -5.38 6.97 -5.02 

25 1.44 -1.96 1.54 -1.54 1.44 -1.74 

Table 4 shows the maximum leg accelerations achieved 
in the simulations for all six legs. The leg accelerations are 
important criteria used in selecting actuator legs for the 
motion platform. The actuator legs selected will have to be 
capable of at least these accelerations. 

Table 4 Maximum Leg Accelerations Achieved in the 
Simulations. 

Setup Max Leg Accel-
eration (feet/sec2) 

Setup Max Leg Accel-
eration (feet/sec2) 

1 52.22 14 47.68 

2 54.76 15 51.37 
3 63.16 16 52.88 
4 84.11 17 54.88 

5 65.26 18 98.52 

6 66.57 19 71.47 

7 39.70 20 56.81 
8 41.51 21 51.25 
9 43.26 22 44.41 
10 60.43 23 39.66 
11 53.37 24 58.68 
12 64.00 25 32.08 
13 52.90 

The simulation was also run with an acceleration profile 
generated from a helicopter vehicle dynamics program. The 
accelerations of the helicopter were used as inputs to the 
simulation without any type of cueing algorithm. Table 5 
shows the time the tested platform configurations maintained 

Max a Min a Max~ Min~ Maxy Miny 
46.79 -46.8 54.76 -45.7 179.6 -179.6 
41.47 -41.5 55.35 -35.1 85.38 -85.2 
29.59 -29.6 59.60 -25.4 66.59 -66.6 
19.36 -19.4 35.05 -16.7 55.35 -55.4 
50.70 -50.7 69.89 -42.0 46.79 -46.8 
25.81 -25.8 24.21 -25.8 25.81 -25.8 

the helicopter acceleration profile before reaching the end of 
a leg. 

Table 5 Time Maintaining HelicoEter Acceleration Profile. 

Set- Time (se- Set- Time (se- Set- Time (se-
up conds) up conds) up conds) 
1 1.92 10 1.18 18 0.75 
2 1.70 11 0.65 19 0.70 
3 1.43 12 0.60 20 0.67 
4 1.27 13 0.88 21 0.63 
5 1.15 14 1.50 22 0.62 
6 1.10 15 1.10 23 0.60 
7 1.03 16 1.00 24 1.30 
8 1.02 17 0.88 25 0.72 
9 1.03 
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Abstract 

The Intelligent Machines Design Laboratory (IMDL) 
constitutes a capstone undergraduate laboratory and 
a beginning graduate laboratory that provides 
students with a realistic engineering experience in 
design, simulation. fabrication, assembly, 
integration, testing, and operation of a relatively 
complex, intelligent machine. A course project, 
oriented about a small, microcomputer controlled, 
electronically sensualized, autonomous mobile robot 
that exhibits various tasking behaviors, requires the 
integration of various subdisciplines in Electrical, 
Mechanical and Computer Engineering. During the 
course students perform microcomputer interfacing 
and programming; develop analog and digital 
electronics; utilize computer aided engineering 
software tools; incorporate machine intelligence into 
the robot behaviors; exploit AI, control and 
communications principles; develop mechanical 
design and layout; and enhance hardware and 
software debugging skills. 

Acknowledgment: This work sponsored, in part, by 
NSF, Grant #9451995. and the University of Florida. 

1. Introduction 
As know ledge and information increase 
exponentially and human capabilities remain 
relatively fixed, engineering education faces a crisis 
of what to teach, how to teach, how much to teach 
and how to balance theory and practice. Before the 
Second World War, engineers primarily built from 
existing information and components. During the 
War many engineers were unable to meet the unusual 
demands and situations the war effort required. Few 
were able to design novel solutions to novel 

problems. This general failure to perform was attributed to 
a lack of knowledge of engineering fundamentals. To 
correct for the perceived educational deficiency of 
engineers, MIT and other leading institutions incorporated 
more theory into the engineering curriculum. The author, 
in fact, became a direct consumer of this new approach as 
an MIT undergraduate. Learning specific application 
details, the argument went, were best left to industry while 
academe should focus on basic principles. Industrial 
investment of time, energy and money into training 
engineer employees to perform job related tasks makes 
sense when engineers stay as long time employees and the 
engineering design cycle takes from three to five years. 
Today's situation, short design cycle times, industrial 
downsizing, and lack of long term employer-employee 
commitments, either real or perceived, has generated 
industrial demand for engineers to be productive the first 
day on the job. Can industry have it both ways? Can a 
graduating engineer be proficient in fundamentals and 
practice after four years of university education? 

The current high demand for Masters students and their 
relatively high salaries, suggests npt. However, the 
objective of this paper is not to present the case for a five 
year engineering program, although I think a professional 
five year degree will become inevitable, if not already 
defacto, in most engineering schools. The modest goal of 
this paper is to encourage my colleagues to incorporate 
more design and implementation into their curriculum and 
to suggest an entertaining and exciting way to do it. The 
emphasis here is design and implementation, not just 
design. Unless students build what they des_ign, design 
becomes a theoretical exercise and misses the essential 
realities all practicing engineers must face. While ABET 
requires engineering students to engage in a certain 
amount of design activity during their studies, 
implementation, while implied, does not appear to be 
greatly emphasized. Impoverished implementation skills 
and training for engineering students sterns, perhaps, from 
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several factors, but I think the three most prominent 
devolve from the extensive time requirements from 
both the student and faculty perspective. the shortage 
of resources, and lack of faculty support. 

The first two factors will be obvious to anyone who 
ever designed(!) and implemented(!) .a laboratory 
course. The third impediment stems from the first 
two coupled with inadequate institutional support and 
rewards. Faculty support and interest in design and 
implementation courses naturally wane and is 
typically redirected towards more career enhancing 
strategies. Good teaching, like motherhood, 
commands social respect and praise and is vital to 
society, but, ironically, neither command the rewards 
and recognition given to research or business success. 
Perhaps the payoff in teaching and motherhood are 
too indirect and long tenn for us to fully appreciate. 

Must the issues be teaching vs. research, theory vs. 
practice, or a synthesis, teaching and research, theory 
and practice? In many universities. the situation often 
appears adversarial (vs.) and not inclusive (and), an 
unfortunate situation. Although the problem is 
endemic, I am not trying to draw battle lines to 
resolve the situation to an either or development. 
Such an approach is doomed to fail. Rather, I would 
like to share with you an approach I have taken to 
add excitement and fun to teaching and research and 
hope that the example of this model might be useful 
for you to generate your own version. 

2. Students Complain About 
Too Much Theory 
"What is all this theory good for? Where are the 
applications? How can I use it?" is a frequent litany 
heard in the Machine Intelligence Laboratory, both 
from Graduate and Undergraduate students. As a 
faculty member, I respond in the usual way, 
"Theory," I tell them, "is a long term investment. 
Immediate returns do not always arise. Knowledge . 
violates the third law of thermodynamiCs, it 
continually increases~ and the human mind always 
seems to utilize knowledge gained, often in grand 
and unexpected ways." Sometimes I think my 
answers come across like a parent telling a child, 
"Just learn it. I know best and you will some day 
understand and appreciate what I have taught you." 
For this MTV generation, many of whom desire to 
learn everything in brief video and sQund bytes, such 
answers hold little persuasion. While all knowledge 
does not need to be useful to the practical arts, 

engineering knowledge should~ and such questions must 
be addressed more seriously through action, not words 
alone. 

3. Faculty Complain About 
Students Not Learning the Theory 
I persistently encourage my students to learn and 
understand theory. What problems does the theory address 
and when does the theory fail? I have great impatience 
with the "plug-and-chug'' mentality of many engineering 
students. The rate ofknowledge expansion, however, often 
exceeds the ability of a single mind to encompass even one 
discipline, and thereby increases the temptation to learn 
operational know ledge and not understand the underlying 
principles. Knowing the theory and principles of a 
discipline, does not necessarily make a good practitioner. 
This is well known, yet we ignore it. I remember an 
experience in graduate school where theoretical 
mathematicians took considerably more time and effort to 
solve practical integration problems which engineers 
solved routinely. The engineers, however, would often 
misapply the theory and wonder why their results were 
incorrect. The theoretical mathematicians never fell into 
that trap. 

4. Loosing Good Hands 
The past six years I have tried to develop a research and 
teaching laboratory that encourages doers. The university, 
by calling, encourages thinkers. Rarely have I found a 
student really good at both. By looking at the doer side of 
engineering, I have discovered rich creative talent not 
being tapped or trained by the university. Typically doers 
only manage to just survive in a university setting. Many 
flunk out or leave, disappointed, their creative talents lost 
to engineering. One might argue doer courses have always 
survived in the engineering curriculum, even if doer 
students have not. Many engineering disciplines, for 
example, offer design courses and contests which generate 
considerable enthusiasm from the students. Student co
operative experience with industry alternates practical 
experience with formal schooling. Senior design projects 
and undergraduate teams assigned to solve real industrial 
problems also come to mind. All of these activities are 
commendable and help maintain a balance with theory. 

Technicians get doer training. Engineers do not. I think 
this is a great mistake. A good engineer, in my opinion, 
should be able to do some technich'm work, or at least 
appreciate the difficulties involved in implementation. A 
technician may spend a week learning soldering 
techniques. Engineers can ill afford such time for 
soldering, but an hours instruction would not be remiss. In 
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times past the Electrical Engineering Department 
Faculty graduated students who never built a circuit! 
\Vhile no longer true. students still must struggle to 
obtain instruction in the practical arts. Knowledge 
expands. Time is limited. Material resources are 
scarce. Can we develop the doer side of engineering 
as well as the thinker side within the current 
constraints? Perhaps, in a modest way, we can 
balance our curriculum. I am not suggesting equal 
portions of doer and thinker courses or that 
individual course should have equal portions. An 
appropriate mix will always be subject to debate. 

5. Development Plan to 
Incorporate Doing 
The Computer Engineering Faculty in the 
Department of Electrical and Computer Engineering 
at the University of Florida strive to introduce the 
practical arts in all of our undergraduate courses 
through course-integrated laboratories. These 
laboratories couple directly with the courses and the 
material being taught. To keep the material fresh, 
variable and to avoid student duplication of old labs, 
the details of the laboratory experiments change from 
semester to semester while the pedagogy remains 
invariant. Over the years we have constructed a wide 
variety of experiments from which to build 
variations. Of course, we repeat laboratories, but 
seldom is a lab verbatim to one of any previous 
semester. Scheduling, developing and managing 
these courses take tremendous effort on the part of 
graduate teaching assistants and faculty. 
~lany of our undergraduate students praise our 

efforts and often cite our courses as offering what 
they expected engineering to offer. Even with such 
positive feedback, I was not satisfied. Traditional 
laboratory course do all the hard work for the 
students, namely, formulating the problem in detail, 
designing the experiment, organizing and collecting 
the required materials~ tools, components and other 
resources. I believed we needed to offer a laboratory 
course to encourage our students to design, develop 
and implement a relatively complex system to help 
them integrate across disciplines and subject matter 
and to learn to tackle problems more holistically. 

\Vhat we have done in the Department of Electrical 
and Computer Engineering at the University of 
Florida does not take a radical departure from 
previous techniques. \Ve selected small, autonomous 
mobile robots as the technological focus for the 
development of a comprehensive, undergraduate 

laboratory in machine intelligence. In the fall of 1994 we 
introduced a 4 credit-hour, semester laboratory, called the 
Intelligent Machines Design Laboratory (!MDL), into our 
undergraduate curriculum as a capstone laboratory. This 
course, EEL5666, provides undergraduates realistic 
engineering experience in design, simulation, fabrication , 
assembly, integration, testing, and operations of a 
relatively complex system that requires the integration of 
various sub disciplines in Electrical, Mechanical and 
Computer Engineering. The prototype system of choice 
have been small, microcomputer controlled, electronically 
sensualized, autonomous mobile robots. 

6. Intelligent Machines Design 
Laboratory 
Course 6.270 at the Massachusetts Institute of Technology 
(MIT) features autonomous robot competitions based on 
LEGO TM platforms [ 1 0] and has received widespread 
publicity. Our own research [1 ,2,3,4, 5, 6, 7, 8, 9] and the 
MIT example, has inspired us to develop an undergraduate 
laboratory in machine intelligence based on autonomous 
mobile robots controlled by microcomputers. The course 
we have developed differs from the MIT prototype in 
several particular regards. For example, the course is non
competitive. Anyone can help anyone. A student's 
objective is to use all resources available, including help 
from classmates. The only catch is that formal 
acknowledgment of idea sources and help must be given in 
all papers and presentations. There is no grade penalty for 
outside help. 

6.1 Course Structure 
One to two lectures per week explores the theory of 

behavior based robotics with emphasis on reaction based 
machines. Readings from the literature supplement those 
from 

[I] 

[2] 

[3] 

[4] 

Fred Martin, The 6.270 Robot Builder's Guide·, 
MIT Media Lab, Cambridge, MA, 1992. 
Joseph Jones & Anita Flynn, Mobile Robots: 
Inspiration to Implementation , A.K. Peters 
Publishers, Wellesley, MA, 1993. 
Pattie Maes, Designing Autonomous Agents: 
Theory and Practice from Biology to Engineering 
and Back, MIT Press, Cambridge, MA, 1990. 
Kevin Kelly, Out of Control: The New Biology of 
Machines, Social Systems and the Economic 
World, Addison Weseley, Reading MA, 1995. 

Fred Martin's The 6. 270 Robot Builder's Guide helps 
students to learn basic hardware fabrication and assembly 
skills. Advanced students with the appropriate background 
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may, if they choose. investigate topics involving 
short-term perceptual memory, environmental 
modeling, or cognition and learning. Since the course 
emphasizes hands-on experience, the reading 
material only plays a supporting, not leading, role. 
There are no written exams. 

At the beginning of the semester, weekly, one hour 
tutorial permits the student to learn proper soldering, 
wire-wrapping, electronic circuit prototyping 
procedures, and electronic circuit debug and testing 
techniques. For students willing to put more time into 
the course, we provide facilities on computer 
workstations for PC board layout, PC fabrication, PC 
board assembly techniques, and mechanical design 
using Computer Aided Engineering and Design 
(CAE, CAD) application packages. As the semester 
progresses, the instructor replaces class tutorials with 
additional lectures about the behavior based 
paradigm, biologically inspired robot design, and 
fundamental issues in machine intelligence as 
perceived from the behavior based viewpoint. Robot 
behavior theory guides and assists students in the 
preparation and implementation of behavior 
algorithms for their robots. 

Two weekly, three hour laboratory allows the 
student to utilize various resources under instructor 
supervision. During assigned laboratory times, 
students work on hardware portions of their projects 
and demonstrate circuits or robot capabilities from 
time-to-time as proof-of-progress. Many students 
who take the course have their own equipment and 
work at home. 

Students may choose to work individually, or in 
teams of no more than two persons, on a specific 
autonomous mobile robot of their own design, or a 
commercially available, "standard" robot kit in order 
to meet the course objectives. Students that choose a 
standard robot kit must still design, test and 
implement an additional sensor for the robot or add 
some additional actuation, a gripper or lift 
mechanism, for example. In addition, those students 
opting for the robot kit must design and implement 
more sophisticated machine intelligence behaviors 
and incorporate some type of machine learning. The 
instructor makes substantial performance measure 
allowances for students designing their own robot in 
order to encourage creativity and risk taking. 

The contributions of each team member must be 
explicitly laid out for the instructor to review and 
evaluate. The instructor provides structure and 
guidance to assist the students with specific steps in 
the engineering process, from concept to design, to 
realization, to test, to operations. Design freedom is 

factored into the project to allow the students creative 
expression. Incremental development is the key. 
Functional hardware and software modules are developed 
by the students during the course of the semester. At each 
stage the students maintains an operational robot which 
increases in functionality and competence as the semester 
progresses. This approach avoids the "big bang 
phenomena" wherein students attempt to produce last 
minute realizations, realizations that, typically, do not 
work and, sometimes, quite literally, smoke! 

At the end of the semester, on DEMO DAY, each 
student or team demonstrates their robot to the instructor, 
the teaching assistants, and their class mates. These 
demonstrations are recorded on video tape. Each robot 
must exhibit "interesting" autonomous, behavior that is a 
consequence of intention! The specific choice of robot 
design, sensor selection, machine perception algorithms, 
and behavior control algorithms rest with the students and 
their individual preferences and creativity. 

6.2 Standard Electronic Modules and 
Robot Platforms 
When designing complex systems, engineers incorporate 
as much existing technology into their designs and 
implementation as possible. This reduces engineering time, 
costs, and implementation time. In order to implement an 
autonomous mobile robot in a semester, students must also 
consider existing technology. Most of our students must 
purchase an MC68HC 11 EVBU microcontroller in a 
prerequisite class, consequently, almost all of our student 
robot designs use the MC68HC 11 for controlling their 
robot. A variety of firms produce MC68HC 11 products 
and extensive Motorola freeware reduces program tool 
costs. 

Figure I illustrates TALRIK™ 1
, a sophisticated 

microcomputer controlled, autonomous mobile robot 
developed at the Machine Intelligence Laboratory. 
Students can choose this platfrom as an option. T ALRIK™ 
offers a sophisticated, expandable, programmable, 
autonomous, mobile robot with features found on larger 
more expensive robots. TALRIK™ fits into a right circular 
cylinder of 10 inch diameter and I 0 inch height and is 
constructed from 5-ply model aircraft birch plywood. The 
frame rides on rides on two, 3 inch wheels and a rear skid. 
Servos, hacked as gearhead motors and mounted 
underneath the platform, drive each wheel. The robot 
controller provides each TALRIK™ with an MC68HC 11 
microprocessor and 64 KBytes of memory. A robot sensor 
expansion board conveniently stacks on top of the 

1 T ALRIK™ is a trademarks of Mekatronix, a Florida 
Corporation. 
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processor/memory board and provides convenient, 
easy to use interfaces to all of the robot ' s sensors 
and actuators. The sensor board has recharging 
circuitry with diode protection and a charge-light 
LED indicator, as well as a power-on LED indicator. 
TALRIK™ is recharged by 12 volts D.C. through a 
panel jack on its right bridge support. Twelve IR 
emitters illuminate T ALRIK™'s environment with 
invisible infrared light. The T ALRIK™ sensor suite 
includes 12 IR detectors, 1 0 bumper switches, 6 CdS 
photoresistors, battery voltage level detect, and 
recharge current detect. Since the bumper detects 
individual switch closures, T ALRIK™ can determine 
multiple, simultaneous collision points and ascertain 
where the collision(s) occured on the circular plate 
within about 15 degrees. The helmet like bumper 
partially protects T ALRIK™'s bridge and detects 
collisions with objects higher than the plate. 
T ALRIK™'s bridge has five slots cut to enable 
mounting up to five servos and holes drilled to mount 
two stand-alone single chip microcontrollers. A 
sensor head configured, with three Photoresistor light 
detectors, mounts on a servo inserted into the central 
slot on the bridge. This Pan-Sensor-Head permits the 
student to write programs that enable T ALRIK™ to 
track light beacons and characterize ambient light 
conditions while scanning through slightly more than 
180 degrees. 

Serial communication between any Personal 
Computer (PC) and T ALRIK™ requires a low-cost 
serial communications board and cable. This serial 
communication link allows the student to upload and 
download T ALRIK™ data and programs from a PC. 
However, in the laboratory, only one 
communications circuit board and one cable is 
needed per PC, regardless of the number of robots 
used. The communications board is already on the 
MC68HC 11 EVBU, so a separate circuit board is not 
needed for projects using the EVBU. 

TALRIK™'s bridge, which spans the robot's central 
wheel axis, can be used to support a wide variety of 
student designed pan/pan-tilt sensor heads, radio or 
IR communications modules, vision modules, servos, 
additional sensors and multiple processors. For 
example, the standard T ALRIK™ kit uses a 
photoresistor light-pan-sensor-head for light beacon 
tracking and measurement of ambient light 
conditions. 

6.3 Multiple Robot Projects 
Students often want to develop predator-prey or swarm 
robots. We have developed TALRIK JR.™ 2 (TJ™)at the 
Machine Intelligence Laboratory to help them accomplish 
such objectives. TJT~, also constructed from model 
airplane 5-ply model aircraft balsa, stands about 4 inches 
high with a circular footprint about 7 inches in diameter. 
A single chip computer circuit with an MC68HC 11 E2 
processor (256 bytes of RAM and 2 Kbytes of EEROM) 
provides TJ™ with all its memory and processing 
capability. One rear and two forward mounted IR emitters 
illuminate TJTM's surroundings with 40 KHz modulated 
infrared light. Two front IR detectors serve as proximity 
detectors by responding to any reflected, modulated IR 
light. One rear and three front bump switches permits 
TJ™ to detect collisions. TJTM' s relatively low cost 
permits the student to build multiple copies and then 
program and study robot group interactions. Watching a 
group of robots interacting can be entertaining to say the 
least. 

6.4 Student Robot Creations · 
Many students in IMDL design and implement their own 
robot platforms. Their designs manifest tremendous 
creativity and variety. In addition to the popular 
cylindrical robot form, students have created tower 
climbing, window washing, pipe interior inspection, trash 
collecting and wall construction robots. Students have 
attempted to implement a wide range of mobile robot 
forms including autonomous helicopters, submarines, 
hover craft, tracked vehicles, and walking robots. 

The scavenger hyena robot (Figure 3 ), a current project 
by C. Pitzer, a Mechanical Engineering student, will 
collect and separate ferrous and non-ferrous metals. Hyena 
features four wheel drive, front and back steering, and 
modular construction. Collision avoidance IR proximity 
detectors help to navigate hyena through complex ~azes 
and obstacle courses while the metal detector nose sniffs 
out metal deposits and lost coins. 

Holly, a hovercraft (Figure 4) modified by A. Qaiyumi 
and B. Miller, two electrical engineering students, 
presented the rather challenging task of realizing collision 
avoidance in an essentially frictionless environment. Since 
the two rear fans do not have variable pitch propellers, the 
problem of control was even more formidable. Holly 
features an IR cannon which projects a high intensity, 
collimated IR beam. The beam reflection at 20 feet is 
sufficient to trigger the IR detector. This long range sensor 

2 T ALRIK JR. TM is a trademarks of Mekatronix, a Florida 
Corporation. 
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helped Holly to maneuver in time to avoid hitting 
obstacles in its path. 

7. Impact and Benefits of IMDL 
The Intelligent Machines Design Laboratory (!MDL) 
enables Seniors, some second semester Juniors, and 
beginning Graduate students, to integrate much of 
their undergraduate engineering knowledge base into 
a practical engineering experience. Enthusiastic 
student response to !MDL illustrates the appeal and 
excitement generated by the course. This response 
has had positive impact on our curriculum. Students 
have insisted on a follow up course to develop the 
theory of autonomous mobile robotic agents! Faculty 
are also paying more attention to engineering design 
and implementation. 

8. Conclusion 
In the Intelligent Machines Design Laboratory 

(!MDL) students address and solve practical design 
problems in computer engineering, machine 
intelligence, algorithm development, signal 
processing, communications, electronics, controls, 
power, mechanical design, etc., while employing 
various sensor modalities (e.g., vision, touch, 
acoustic) for machine perception. The learning does 
not stop there. Students develop technical skills in 
fabrication and assembly: soldering, wire wrapping, 
printed circuit board construction, parts assembly and 
packaging, mechanical layout, etc. Furthermore, 
students must test and debug circuits and 

Figure 1 Front view of a T ALRIK™ autonomous 
mobile robot. 

microcomputer programs and deal with their 
complex interaction. At the completion of this 

laboratory course students have developed a set of 
engineering skills which should prove useful throughout 
their career and better prepare them for the demands of a 
global economy. 

Figure 2 Side view ofTALRIK Jr. ™. 

Figure 3 Hyena with its modular 4 wheel drive, front and 
back steering. 

Figure 4 Holly, an autonomous hovercraft. 
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Abstract 

In the past decade there has been a major research thrust 
towards applying parallel-mechanism based approaches for 
milling machines. This research presents an investigation into 
the development of a special 6-6 parallel mechanism for 
application to contour milling. The idea behind this approach is 
that existing non-CNC milling equipment can be retrofitted to 
increase its capability at a lower cost than purchasing traditional 
5-axis machining centers. A parametric design methodology was 
applied to the design specifications associated with 5-axis 
contour milling to devise a platform design. The resulting 
kinestatic design's dynamics were evaluated to determine the 
actuation requirements of each connector. This paper presents 
the design and development of a single actuator of a special 6-6 
parallel mechanism (Kinestatic Platform, KP). A prototype 
connector was designed and constructed to evaluate actuator 
response under analytically determined simulated loading 
conditions. Joint behavior, position accuracy, and control 
strategy were of primary concern in evaluating the performance 
of the prototype actuator. The results of tests to evaluate these 
characteristics are presented and their implications are discussed. 

1. Introduction 

A Kinestatic Platform (KP) is being developed to 
retrofit a non-CNC three axis mill to perform five axis contour 
milling. An implementation of the concept is shown in Figure 1. 
The translating carriage of the mill has been removed and the KP 
mounted in its place. The base plate of the KP can be mounted 
to the base of the mill using a dovetailed interface typical of 
many mills. 

A design of the KP was created based upon 
specifications derived from the milling operation. One actuator 
was fabricated (Figure 2) and control algorithms were 
implemented and tested to evaluate whether the necessary 
accuracy could be obtained under varying loading conditions. 
Based on the results obtained, it seems feasible to fabricate a 
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prototype KP and test the 
system in a manufacturing 
environment. 

The rationale for this 
endeavor is that existing 
milling equipment can be 
retrofitted to greatly increase 
its capability at a lower cost 
than purchasing traditional five 
axis machining centers. The 
approach offers the benefits of 
high stiffness, strength, and 
accuracy due to the parallel 
nature of the KP mechanism. 
Recently, companies such as 
Ingersoll, Inc. and Giddings 
and Lewis as well as 
international milling companies 
have been experimenting with 
new parallel-mechanism based 
approaches [1,2]. The 
distinction between their Figure 1: An implementation 
approach and ours is the of the Kinestatic Platform as 
utilization of the KP which applied to contour milling. 
incorporates a new and 
patented simplified geometry. Additionally, the KP has the 
capability of simultaneous precision control of contact force and 
displacement at the milling cutter. 

2. Background: Kinestatic Platform Development 

A parallel mechanism is defined as any mechanical 
device that has six legs that connect a moving platform to a base. 
This kind of mechanism possesses the desirable characteristics 
of high accuracy, high payload-to-weight ratio, and good static 
stability. To apply Kinestatic Control to these mechanisms it is 
necessary to first obtain accurate compliance models. These 
models can be readily determined for parallel mechanisms; 
provided that the position and orientation of the moving platform 



Figure 2: Actuator test bed. 

is known relative to the base. Therefore, the key and central task 
is to determine the position and orientation of the moving 
platform relative to the base given the sensed lengths of the six 
legs. This task is the forward kinematic analysis for the system 
and, for these kinds of mechanisms, the simplest solution 
involves solving an eighth degree polynomial in a single variable. 

The geometrically simplest parallel mechanism has the 
structure of an octahedron and is designated as a "3-3 platform" 
since there are three connecting points on the base and three on 
the moving platform. The double connection points shown in 
Figure 3 produce a very simple geometry. · However, this design 
has a very serious mechanical disadvantage because it is difficult 
to design the necessary concentric ball and socket joints at each 
of the double connection points without mechanical interference. 
Separating the double connection points can overcome 
mechanical design problems. 

When the double connecting points are separated, the 
complexity of the forward kinematic analysis for the platform 
increases. It should be noted that there are multiple solutions for 
the mechanism and that there exists multiple ways it can be 
assembled. Each assembly yields a different position and 
orientation of the platform while possessing the same set of six 
leg lengths. 

It is, of course, possible to perform numerical iterations 
(an optimization using six independent variables) to obtain the 
position and orientation of the platform. However, it is well 
known that such iterative solutions have a tendency to ')ump" 
from one closure to another. From an implementation viewpoint, 
this is undesirable. It is far more desirable to derive a single 
polynomial in a single variable, the solution of which yields all 
possible locations of the moving top platform. The desired 
solution can then be extracted from this finite set of all solutions. 
Such a solution is said to be in "closed-form". 

It was only recently that the closed-form forward 
analysis for the geometrically simplest 3-3 platform was solved 
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Figure 3: 3-3 Platform. 

Figure 4: Special 6-6 Platform. 

by Griffis and Duffy [3]. Briefly, an eighth degree polynomial 
solution was derived and this has been extended to a 6-3 platform 
(Stewart's original platform [4]). It would be desirable to 
perform the forward analysis for a general 6-6 device, however, 
this is unrealistic. The closed form equation is a 40th degree 
polynomial [5] and is computationally impractical for real time 
control. Griffis and Duffy have invented two platforms which 
provide the benefits of both the 3-3 and general 6-6 platforms. 
These platforms allow for the simple analysis of the 3-3 with an 
eighth degree polynomial and allow for the mechanical benefits 
of the general 6-6 by eliminating mechanical interference. One 
of these new platforms is shown in Figure 4. A table mounted 
model SKIP has been fabricated and is shown in Figure 5. 

As previously stated, the necessity for a simplified 
closed-form , 
forward kinematic 
analysis 
(specialized 
geometry) 
manifests itself 
whenever the 
mechanism is to 
control force and 
position 
simultaneously. 
The requirements 
of specialized 
geometry and good 
mechanical design 
(no mechanical 
interference) are 
satisfied by the 
platforms that have Figure 5: Table Mounted SKIP 



been patented by the University of Florida. It is the union of the 
theory of Kinestatic Control [6][7], developed under an NSF 
grant and these platforms that yields the KP concept. 

3. Connector Design 

3.1 KP Design Specifications 

The Kinestatic Platform design specifications are 
established by a combination of factors including the milling 
application, the available spindl~ power, the expec~ed geome~, 
and material of parts to be fabncated. The machme volume Is 
established by the space available for retrofitting a typical 3 hp 
to 5 hp knee mill. The resulting design specifications are listed 
below: 

Workpiece Speeds 
Cutting: 20 in./min (51 em/min) 
Rapid Traverse: 100 in./min (254 em/min) 

Work Space Mobility 
8 inch (20 em) cube: 

translation: ±4" in Cartesian axes x, 
y, z about a null position 
rotation about line in xy plane: ±20° 

Accuracy: 

Payload: 

Path following within a normal envelope of 
radius < 0.001 in. (0.00254 em) 

50 lbs (23 kg) 
Machine Volume: 

Width x Height x Depth : 60" x 28" x 48" 
(152 em x 71 em x 122 em) 

3.2 Kinestatic Design 

Generally, when designing a platform, the anticipated 
application must be considered. The application defines the 
loading conditions, workspace geometry, and dexterity. Based 
on the specifications that evolve for a particular application, the 
platform parameters are optimized. 

There are many design variables for a general kinestatic 
platform. To examine various designs in a proficient manner, a 
methodology has been developed that reduces the number of 
design variables to a manageable quantity and facilitates the 
kinestatic design of the platform. The kinestatic design, coupled 
with the application specifications and mechanism dynamics, 
provides the specifications for the connectors. 

The kinestatic platform's kinematics can be described 
parametrically by defining two triangles, the base and the top, 
and six side pivot connections. Since the expected loading is 
arbitrarily distributed in the workspace, the platform should 
exhibit uniform stiffness and response over the workspace. This 
design requirement is best met by using equilateral triangles for 
the base and the top. The position of each connecting pivot 
should be symmetric on each triangle. 

An equilateral triangle can be defined by one parameter 
• the side of the triangle. Figure 6 shows the parametrization of 
the top and the base of the platform. The base triangle is defined 
by the parameter SIDE. The top triangle is related to the base 
triangle by the parameter tsidescale. The base and top side pivot 
points are defined by the parameters bscale and tscale, 
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BASE 
3 

1----- SIDE ___ __, 

In tl"is conflg<rotlol\ both losc:ole and 1sc:o1e are < 1. 

Figure 6: Geometric configuration of the 
base and top of Platform. 

respectively. Another parameter, hscale, is used to define the 
perpendicular distance between the top and the base of the 
platform. This parameter is also a function of SIDE. If hscale 
is equal to 1, the distance between the top and the base of the 
platform is equal to SIDE, and a variation of this parameter 
would vary the height of the platform accordingly. 

The special 6-6 parallel mechanism requires that the 
pivot connection lie on the line that contains the two vertex 
connections. For example, in Figure 6, side pivot connection 2 
must lie on the same line that connects 1 and 3. On the base, if 
bscale is less than 1, then the side pivot lies between the two 
vertex connections and vice versa The same is valid for tscale 
with respect to the top. 
... A given kinestatic platform can have a large kinematic 
workspace. The stability over the workspace varies enough to 
have significant impact on the top platform's performance. The 
parameter SIDE allows the mechanism to be scaled up or down. 
The other parameters define the kinematic workspace and 
variation of static stability across the workspace. This 
methodology entails finding suitable parameters that define a 
kinestatic platform that has a well behaved static stability over 
the workspace while meeting the design specifications. 

3.3 Dynamic Analysis 

A parameterized dynamic analysis of the platform was 
also performed to investigate the platform dynamics for various 
design configurations throughout the mechanisms' workspace. 
This analysis was based on a dynamic analysis model by Baiges 
and Duffy [8], and yielded the dynamic and static loading 



conditions on each connector of the platform. The force plot, 
along with payload (200 ibm (90.27 kg)) and cutting force (200 
lb1 (889.6 N)) estimates, allow actuator power requirements to be 
established. The output of a sample traverse of the platform is 
shown in Figure 7. The top platform was moved a distance of 2 
feet (61 em), with an initial rotation of 30 degrees about an 
arbitrary axis [0.707, 0.707, 0.0]. The platform moved from -12 
in. (30 em) to+ 12 in. (30 em) in a direction defined by the vector 
[ -0.866, 0.600, 0.0]. 

After the test apparatus was built and tested, the 
actuator-force requirements were recalculated using data 
representing the test actuator to refine the accuracy of the 
analytically determined forces. These recalculated forces are 
illustrated in Figure 8. It is apparent from the two actuator-force 
plots that the initial model agrees well with the test apparatus. 
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Figure 8: Forces in actuators as the platform traverses a 
prescribed path using simulation data. 
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The generation of a particular platform design entails 
the specification of the mechanism design parameters discussed 
previously. The selection of these parameters is based not only 
on the inherent characteristics of the platform and desired 
performance specifications, but also on the work-space to be 
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traversed, the physical location of the platform with respect to the 
milling head, and the type of milling operations to be performed. 

Thus, the design parameters selected represent a realistic 
combination of parameters that meet the above kinestatic, 
dynamic, and work space requirements. 

Based on the physical design constraints and the 
performance specification requirements, a platform was 
designed with the following mechanism design parameters: SIDE 
= 30.0" (76.2 em), tsidescale = 0.60, bscale = 0.67, tscale:: 
0.70, hscale = 0.60. 

4. Hardware Implementation 

After finalizing the design of the platform, a test 
apparatus was required to examine the capabilities of the 
actuators. A test bed was designed so that actual loading 
conditions could be simulated and joint behavior could be 
studied. The final design that was fabricated and assembled is 
shown in Figure 2. Figure 2 shows the test fixture in its entirety. 
The fixture consists of three distinct sub-systems. The first part 
is the support structure, which provides the mounting surfaces for 
all the components. It consists of a flat steel plate supported by 
four heavy pipe columns, two vertical steel C-channels to provide 
the structure for mounting the sensor; and angled steel L-sections 
to support the vertical channels and provide rigidity to the 
structure in two planes. The second major component is the 
moving block which is mounted to the end of the actuator and is 
used to vary the loading conditions on the leg. The third and final 
component is the hydraulic actuator. 

The actuator is mounted on a base plate with a specially 
designed Hooke joint (2 DOF) which attaches underneath the 
base plate (Figure 9). The actuator connects to the joint via mid 
mounted trunnions. The vertical C channels are used to mount 
guide rails. In this particular instance, the guide rail blocks were 

Figure 9: A view of the test fixture showing the 
Hooke Joint underneath the base plate as well as 

various sensor attachments. 



Figure 10: View of the Joint 
and Sensor attachments. 

mounted on the C-channel face 
(fixed) and the rail was 
attached to the moving block, 
so that the during a motion, the 
rail would move instead of the 
blocks. The actuator is 
connected to the moving block 
by an off-the-shelf ball-and
socket (spherical, 3 DOF) 
JOint. The moving block 
consists of three compartments 
which provide space for lead 
blocks to be used for pre
loading the actuator. The 
moving block also houses two 
one inch diameter steel rods, 
mounted parallel to each other 
and perpendicular to the 
direction of motion of the 
actuator, which extend equally 
in either direction to provide 
balanced loading on the 
actuator. The loads can be 
varied by using specially 
designed steel plates. 

A linear scale 
(Heidenhain LS-106C) is 
mounted on one side of a C-
channel. Three sensor heads 

are used to determine the displacement of the actuator and 
deflections in the joints. The first head (lowest) is attached to the 
actuator frame for determining the deflection in the Hooke joint 
(Figure 10). The second head (middle) is attached to the actuator 
rod just below the top spherical joint. This head measures the 
actual displacement of the actuator. The third (top) head is 
mounted on the top end of the spherical joint and is used to 
determine the behavior (deflection) in the spherical joint. All 
three heads are collinear and use the same linear grated optical 
scale which provides a resolution of 0.000118 in. (3 microns). 

5. Testing and Evaluation 

Tests were conducted on the connector to determine the 
behavior and evaluate the feasibility of its use as a self-contained 
actuating and measuring device in the Kinestatic Platform. 
These tests encompassed the evaluation of the displacement 
accuracy of the actuator under various loading conditions, the 
determination of the joint deflections and their effects, testing of 
various control laws, and from the results of these tests, the 
development of a control strategy that produces a desired motion 
within milling specifications. Such a control algorithm is needed 
to reduce the effects of overshoot, lag, and harmonics, while 
providing effective disturbance rejection. 

Tests were conducted using Proportional (P), 
Proportional-Integral-Derivative (PID), and feedforward control 
strategies. Under these control strategies, step response tests 
were used to determine the behavior of the system. Also, 
experimental determination of position accuracy (position 
deadband) and deflection of the joints were performed. These 

-121-

tests were performed under various loading conditions. Only a 
small subset of the test results are presented in the next section. 

5.1 Control Strategy and Positional Accuracy 

Control algorithm development for the platform is 
driven by performance specifications of the top platform. 
Requirements for connector performance are greater than that for 
the top platform and often meeting these specifications conflict 
with each other. An example is meeting positional accuracy with 
minimal overshoot while having a "fast" response to movement 
commands. 

The actuation device chosen to drive the platform 
connector was a hydraulically actuated cylinder. Using 
parameters for components selected for the control system, a 
repeatable error range of 0.0004" to 0.001" was calculated. 
While the parameters used in the calculations do range 
depending on a number of system parameters (i.e. the mass of the 
system), lenient values were chosen in the above calculated 
values. Another parameter calculated was how the system will 
lag the commanded position during maximum speed. This 
tracking error is also know as the velocity error and is a 
positional error due to velocity. The calculated value for the 
tracking error was 0.026". Note that variations in the gain 
constant, the hydraulic natural frequency, and the damping ratio 
occur at different operating points and cause a considerable shift 
in frequency response. 

Development of a control strategy to meet all the 
platform performance specifications will require a combination 
of feedback techniques to improve actual system performance 
from that estimated from theory. While a straight proportional 
feedback control law can give satisfactory results to some of the 
performance specifications, it can not meet all the requirements. 
Problems with proportional feedback control include the 
presence of steady state error and position overshoot if the 
system damping ratio is less than unity. Also, changes in the 
load on the cylinder will alter system parameters that affect 
system stability. 

To investigate system dynamics for the connector, step 
tests were performed using a proportional controller with low and 
high gain values. A plot for a 0.040" step with high proportional 
gain is shown in Figure 11. It can be seen that for the high 
proportional gain, a considerable overshoot occurred. For the 
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Figure 11: Step response using Proportional controller with 
high feedback gain. 
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Figure 12: Step response using PID controller. 

low proportional gain response (not shown), no overshoot was 
observed but stiction in the cylinder seals was apparent. The step 
of 0.040" was selected to ensure that the servo valve opening was 
not saturated. However, for a brief period of time, the valve was 
almost open to capacity. Steady state error for the step responses 
were on the order of magnitude of 0.0002" (0.0005 em) to 
0.0008" (0.002 em). 

Step responses were also performed using a PID 
controller. Results for a 0.040" (0.102 em) step are shown in 
Figure 12. For these tests, the PID controller gains were selected 
using Ziegler-Nichols Rules as starting values. Overshoot and 
steady state errors were reduced using this control scheme (as 
expected) but response time increased. While a PID controller 
helped meet some of the requirements, PID control alone will not 
be satisfactory. Development of an adaptive control strategy will 
have to be made to increase closed loop stiffness and may 
include estimating system statics and dynamics, possibly 
inclusion of a minor velocity feedback loop, and prediction of 
external loads. 

After a sufficiently high static position accuracy was 
obtained, the next step was to investigate the performance of the 
system while moving the platform through a planned path 
simulating a milling operation. In order to reduce the velocity 
error (commonly know as lag) inherent in any controlled system, 
a simple feed forward lead scheme was implemented. The graph 
in Figure 13 shows results from a constant velocity extension 
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path of0.5"/sec (1.27 em/sec) for the connector. The axis for the 
position error plots are shown on the right side of the graph. The 
graph shows the results from two tests. The first test represents 
the use of a position set point from the planned path without any 
lead. The second test shows the results from supplying a position 
set point 3 time steps in advance of the planned path. By leading 
the position set point, the error between the desired position set 
point and the actual position was reduced. Maximum errors 
inside the region of interest (0.75 to 1.75 sec) were 0.00055 in. 
(0.0014). 

The implementation of this scheme demonstrated that 
the desired position accuracy at low velocities could be achieved 
with a simple feed forward lead strategy. However, a model of 
system components will be required to identify and characterize 
control 
parameters so that performance within the desired criteria can be 
achieved. This would facilitate the compensation and correction 
for various system behaviors such as the presence of stiction in 
the hydraulic cylinder and loading/unloading effects during the 
milling operation. 

5.2 Joint Behavior 

As discussed in Section 2, the actuator lengths are 
critical in determining the position of the platform at any instant 
and thus it is important to accurately determine each actuator 
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Figure 14: Deflection of Hooke Joint (lower joint) under 
varying loading conditions. 
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Figure 15: Deflection of Spherical Joint (top joint) under 
varying loading conditions. 

length. A factor affecting this measurement is the deflection of 
the joints. To determine the behavior of the joints, measurements 
were done to quantify their deflections. These measurements 
involved moving the actuator through its range of displacement 
and observing the deflection in the joints at 9 points. This was 
repeated for varying loads ranging from 278lbs (126 kg) to 523 
lbs (237 kg). The data obtained is presented in Figures 14 and 
15. 

The Hooke joint's deflection is well behaved. The 
magnitude of the deflections indicate that the error in connector 
length caused by Hooke joint deflection is significant with 
respect to the desired accuracy. The spherical joint's deflection 
is less well behaved. This joint appears to be stiffer than the 
Hooke joint, however, the deflection is still significant when 
considered with the Hook joint's deflection. 

The order of the magnitude of the joint deflections 
dictate that they be considered when controlling the platform. 
The j oint deflections could be measured or estimated and 
included in the control algorithm, or a separate measuring 
methodology could be utilized that reduces the effects of joint 

·deflections on position determination. 

6. Results and Conclusions 

6.1 Summary 

The major accomplishments of this research were as follows: 

Performance specifications were developed for the KP 
for the milling task and a geometric design was 
developed based on dynamic modeling results. 
One connector was fabricated and tested under load 
conditions for positional accuracy, joint behavior, and 
controllability. 

The results of this undertaking can be summarized as follows: 

It is apparent that the control strategy significantly 
affects the position accuracy. Thus a control strategy is 
being developed that would adapt to the changing 
conditions in real time and would be able to compensate 
for disturbances to maintain the required accuracy 
dead band. 
Measured joint deflections were of significant 
magnitude. Joint deflections must be accounted for by 
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measurement, estimation, or revision of the design so 
that the joint deflection effect on the tool point position 
is minimized. Separation of actuation and metrology 
frames leads to the minimization of this effect. 
The results of the PID controller show that sufficient 
positional accuracy can be achieved utilizing the current 
actuator/sensor configuration. 
From the simulated platform motion data, the controller 
exhibited that it is possible to accurately follow a 
commanded path with a lag. In the next phase of the 
project, work will be done on the development of a . 
control strategy that compensates for this lag. 
Hydraulic actuation was used in the test bed as the most 
cost effective means of identifying control and joint 
deflection accuracy issues. Electric actuators with ball
screw drives can be used in future prototypes with very 
similar results. 
A separate metrology frame will accurately determine 
the position and orientation of the top platform. The 
influence of the joint stiffness and thermal and load · 
deflection on the top ph1tform position and orientation 
are reduced with this approach. Milling specifications 
require accurate location of the top platform and control 
of the actuator length. Test results from the Test bed 
apparatus leads to the conclusion that the actuator can 
be controlled to meet these milling specifications. A 
brief discussion on the merits of using a separate 
metrology frame is given next. 

6.2 Observations and Future Work 

The accurate measurement of the actuator lengths is of 
prime importance in determining the overall accuracy of the 
platform. There are several disadvantages in measuring 
connectors that incorporate actuators. These disadvantages 
include increased connector size, the inclusion of joint 
compliance~ actuator compliance, and thermal deformation. 
These disadvantages require a carefully designed actuation 
connector that leads to increased cost and complexity. The order 
of the accuracy error in connector length determination, when 
considering deflections due to varying mechanical and thermal 
loads, is significant with respect to desired accuracy of the 
moving platform location. 

These observations lead to an investigation of an 
alternative platform design. At the outset, it would appear that 
the separation of the measurement system from the actuation 
system is desirable. This would remove load and thermal 
deformation from the top platform location determination. The 
separation of actuation connectors and measurement connectors 
is applicable to a platform configuration in which at least the 
measurement connectors are arranged in one of the 
configurations for which a simple forward analysis exists, i.e., in 
the special 6-6 configuration for which all analyses are known. 
The measurement connectors can be considered as a "metrology 
frame"; responsible for determining the location of the work 
piece with respect to a global frame. This information can be 
used to generated control commands for the actuation 
connectors, or "actuation frame". The accuracy of the metrology 
frame would be dependent on the same variables as the initial 



design except that it will not incorporate the undesired affects 
that the actuation connectors undergo such as -loading resulting 
from connector inertia, moving platform inertia, and external 
loading. The actuators are power generating devices with a 
significant amount of unwanted heat generation. The load 
deflections and thermal deflections that a passive connector 
undergoes are based on joint friction, gravity effects, and inertia 
of the passive connector. These effects on accuracy can be 
estimated and the magnitudes are expected to be negligible. 
Accuracy issues for a passive connector then are the accurate 
location of connector joints and the measurement system 
resolution. This allows the direct evaluation of system accuracy 
and provides a machine tool in which the work piece location is 
directly quantifiable. 

The incorporation of the metrology frame eliminates the 
condition that the actuator frame needs to be in a special 6-6 
configuration since it is not involved in the direct measurement 
of platform position. Thus the actuator frame can be a general 6-
6 platform without the need for a closed-form forward and 
reverse solution. This allows the placing of actuators in such a 
manner to provide maximum effective thrust in the direction(s) 
of interest while minimizing the possibility of affecting the 
dexterity of the platform due to actuator collision. Another 
freedom that this geometry allows is the location of actuator 
pivots according to the workspace available under the milling 
head. It is obvious that the separation of the metrology and 
actuator frame provides greater freedom in designing a platform 
that meets the desired performance specifications. 
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Abstract 
This paper examines some issues concerning the in

verse kinematics and statics of cable-suspended robots. 
Because these types of robots are cable actuated, there 
are inherent limitations on which configurations such 
a robot can hold itself in (i.e., maintain static equilib
rium). This paper presents a necessary and sufficient 
condition for a cable-suspended robot to stay in a given 
configuration. Another issue is the extent to which the 
cables constrain the robot. This is an important ques
tion, particularly for space applications where the robot 
must work in a zero g environment. This question 
is also related to the stiffness of the robotic system. 
Conditions for completely constraining the robot are 
derived. The conditions for both problems are based 
on the null space of the manipulator Jacobian and are 
easily implemented as an algorithm for testing config
urations. An example illustrating the results is pre
sented. 

1 Introduction 
Cable-suspended robotic systems are parallel mech

anisms whose actuators are cables. The cables are 
connected to the robot and are attached to external 
connectors. The robot then moves around by increas
ing or decreasing the lengths of the different cables 
in concert while preventing any cable from becoJ;Iling 
slack. An illustration of a cable-suspended robot can 
be seen in Figure 1. 

There are many advantages of cable-suspended 
robots over conventional robots. Such mechanisms 
have a relatively large workspace area for their size 
and are generally lighter and easier to transport than 
serial manipulators. These are important attributes 
for applications such as construction where the robot 
must be brought to the worksite. Figure 2 is an illus
tration of how a cable-suspended robot can be used for 
construction applications. Currently, these types of 
applications are performed using cranes and scaffold-

t A.dvanced Systems & Analysis Division 
DM-A.SD 

NASA Kennedy Space Center 
Kennedy Space Center, Florida 

ing, which are labor intensive and expensive. Cable
suspended robots such as the one depicted in the figure 
can have a significant impact on the multi-billion dol
lar construction industry. Other possible applications 
include spray painting, window cleaning, and visual 
inspections. 
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The technology of cable-suspended robots has been 
applied to cranes [1]. For example, the operation of 
an overhead crane can cause severe swinging of the 
load especially for inexperienced operators. This is 
obviously dangerous to the operator, and it can result 
in damage of the load or the facility. Furthermore, 
swinging can significantly increase the time required to 
move loads, particularly the time required to manually 
dampen out the swing before a load can be lowered. 

A specific example of the combination robotics and 
cranes is the ROBOCRANE, which was developed by 
the National Institute of Standards and Technology 
(NIST) in the early 1980s [1). The ROBOCRANE is a 
special crane that utilizes six cables to suspend a load 
platform. The six cables used by the ROBOCRANE 
make it more controllable and safer to operate than 
conventional cranes. A modification of this device was 
used to fight the oil well fires set in Kuwait during the 
Persian Gulf War. More recently, NIST has applied 
the ROBOCRANE technology t o applications related 
to nuclear and toxic waste cleanup. 

Another example of a cable-suspended system is 
CHARLOTTET M, a robotic device developed by the 
McDonnell Douglas Corporation for tending experi
ments on the SpaceHab 3 module in the Space Shut
tle. A description of CHARLOTTETM can be found 
in [4,5). CHARLOTTE™ is especially ideal for space 
travel as its boxlike shape allows for greater portability 
and its relatively small weight makes it less expensive 
to send into space. 

This paper examines the inverse kinematics and 
statics of cable-suspended robots. A general discus
sion of the inverse kinematics and inverse velocity 
kinematics of cable-suspended robots is presented in 
the next section. Section 3 describes the statics of 
cable-suspended robots and examines the problem of 
determining which configurations can be held by the 
robot. In Section 4, kinematically underconstrained 
configurations are defined and characterized by the 
left null space of the manipulator Jacobian. Section 5 
describes how to use the left null space to determine 
information about static stability and the extent to 
which the cables constrain the robot. These results 
are applied to an example in Section 6. Finally, con
clusions appear in Section 7. 

2 Inverse Kinematics 
The inverse kinematics of a cable-suspended system 

will now be described. Let the location of the i-th 
external cable connection be denoted by Pi and the 
·i-th onboard cable connection be denoted qi. The 
vector representing the i-th cable is 

1i =Pi - qi =Pi -X- Qvi (1) 

where x denotes the position of the center of the robot, 
vi denotes the position of the i-th onboard cable con
nector relative to the robot's coordinate frame , and 
the rotation matrix 

= sfj>C'lj; + c¢>sBs'lj; c¢>cB sfj>s'lj; - c¢>sBc'lj; (2) 
[ 

c¢>czl; - sfj>sBs'lj; -s¢x8 c¢s'lj; + sfj>sBc'lj; ] · 

-cBs'¢ sB cBc'lj; 

represents the robot 's orientation. When dealing with 
the planar case, 1i, Pi, qi, x , and vi are vectors in the 
plane and the orientation is given by 

Q = R(B) = [c?sB - sinBl· (3) 
Sln () COS() 

The inverse velocity kinematics relates the linear 
and angular velocities of the. robot to the required rate 
of change in the cable lengths. This relationship is 
given by a manipulator Jacobian matrix L which is a 
function of the position and orientation of the robot. 
This matrix can be used to study the kinematics of 
the robot, e.g., identify kinematically singular config
urations, determine optimal configurations, etc. The 
required resolution can be found from L. 

Let li = lllill denote the length of the i-th cable 
and let .1 = [ h l2 · · · ln ]T be the vector of cable 
lengths. The inverse velocity kinematics for a cable
suspended robot is given by 

(4) 

where x and w denote the linear and angular velocity 
of the robot and the n x 6 manipulator Jacobian is 
given by 

AT A T 

L = -~2 (12 x ~v2) (5) 

[

-if (II X Qvl)T l 
. . . . . 
-~ (In X Qvn)T 

where 

(6) 

is the normalized cable vector. A derivation of (5) can 
be found in Appendix A. 

3 Statics and Static Equilibriums 
The statics of the robot is given by 
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where F denotes the vector of cable tensions and f 
and m represent forces and moments on the robot 
due to gravity and external forces and moments. (See 
Appendix B for more details.) For static equilibrium 
to occur, (7) must be satisfied. However, not every 
force vector satisfying (7) is feasible. Because cables 
are used, the components ofF must be nonnegative. 
We say that a configuration is a static equilibrium 
(or is statically stable) if there is a nonnegative force 
vector F satisfying (7). Now the vector sum of any 
solution of (7) with a null vector of LT is again a 
solution of (7). Clearly, if there is a null vector of LT 
whose components are positive, we can add enough 
of this vector to any solution of (7) to obtain a force 
vector with positive components. Hence, we have the 
following. 

Proposition If there is a left null vector of L with 
strictly positive components then the robot is in a 
statically stable configuration. 

The following example illustrates a configuration 
that is not statically stable. 

Example Consider the planar cable-suspended robot 
in the vertical plane shown in Figure 3. Assume 
that the center of gravity is at the center of the 
robot and that its weight is w = mg = 1. The 
outer cable connections are at (2, 2), (2, -2), ( -2, -2), 
and ( -2, 2) and the onboard cable connections are at 
(1,0), (0,-1), (-1,0), and (0,1). The ii vectors are 

i, =To[;], i2 = ;Ts [ ~1 ], i3 = ;Ts [=~],and 
J. = }s [ -;_ 2 ] . It then follows that the forces and 

moments satisfy 

1 [1 
v's~ (8) 

The left null space of L is characterized by the vector 

(9) 

Because nL has both positive and negative compo
nents, the given configuration may or may not be a 
static equilibrium. The general solution is 

-0.1 -1 

[ 
0.2] [ 1 l 

F = ~~i2 +a !l (10) 

PI= (2.2) 

w = 1 

P3 = (-2.-2) P2 = (2,-2) 

Figure 3 A planar cable-suspended robot in a stat
ically unstable configuration. The robot is also neces
sarily in a kinematically underconstrained configura
tion. 

where the first vector on the right is the pseudoinverse 
solution, the second vector is a null vector, and a is 
an arbitrary constant. It is necessary to choose a so 
that ·each component ofF is positive. This is clearly 
impossible as choosing a to make the third component 
positive makes the second component more negative. 

We now characterize static equilibriums. Let 
L denote L augmented with the transpose of the 
force/moment vector of the robot so that (7) becomes 

(11) 

where 

(12) 

and 

(13) 

Hence, for any feasible cable tension vector F which 
maintains static equilibrium, F must be in the null 
space of LT. In other words, it is possible to achieve 
static equilibrium if and only if there is a left null 
vector of L whose components are all nonnegative and 
whose last component is nonzero. 
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4 Fully Constrained Configurations 
Space applications require the concept of kinemat

ically fully constrained configurations. In this case, it 
is desirable that ea.cil motion of the robot requires at 
least one cable length to become longer and at least 
one to become shorter. Otherwise there is a motion 
that corresponds to the cable lengths getting shorter. 
This could result in cables becoming slack. We will say 
that a configuration is kinematically fully constrained 
if it is impossible for the robot to be moved without 
changing the lengths of the cables. Note that we are 
assuming that the cables do not stretch. A config
uration which is not kinematically fully constrained 
will be called kinematically underconstrained. A ca
ble suspended robot in a pendulum-like configuration 
is kinematically underconstrained system not only be
cause it can swing bac..l{ and forth, but also because 
the cables can become slack when the robot is lifted 
by an external force. 

We now examine the problem of characterizing 
kinematically fully constrained configurations. Sup
pose that n is a left null vector of L with the prop
erty that each of its components is positive. Then 
all nonzero vectors v in the column space of L must 
have both positive and negative components for n · v 
to be zero. Hence, if L has full rank, the existence of 
a left null vector of L is sufficient to guarantee that 
the robot is fully constrained. This is also a necessary 
condition. 

Theorem A nonsingular configuration is kinemati
cally fully constrained if and only if there is a left 
null vector of L with the property that each of its 
components is positive. Proof: See Appendix C. 

An example of a kinematically underconstrained 
configuration for a planar cable actuated robot is 
shown in Figure 3. Rotating the robot counter
clockwise with its center fixed results in each cable 
becoming locally shorter. 

The ability to achieve static equilibrium is related 
to whether the sysrem is kinematically fully ·con
strained. By the proposition in Section 3, a suffi
cient condition for a configuration to be capable of 
static equilibrium is that it be kinematically fully con
strained. The stiffness of the robotic system is also 
related to this problem [2,3]. 

5 Checking the Null Space 
We have seen how the questions of whether a con

figuration is fully constrained and whether a config
uration is a static equilibrium are related to the left 
null space of L and L, respectively. In particular, a 
configuration is fully constrained if and only if there 

is a left null vector of L which has strictly positive 
components while the existence of a feasible vector of 
cable tension is equivalent to the existence of a non
negative left null vector of L whose last component is 
positive. In this section we develop an elegant method 
for testing the left null spaces of L and L. 

We state the problem formally as follows: 

Problem Given an n x r full rank matrix 1V with 
r < n, determine the following: 

1. Is there a nonzero vector in the column space of N 
with nonnegative components? 

2. Is there a vector in the column space of N whose 
components are all positive? 

The matrix N will represent the left null space of 
either L or L. Problem A corresponds to the static 
equilibrium problem while Problem B corresponds to 
the fully-constrained configuration problem. 

Let I1i denote the i-th column of N and let vJ be 
the j-th row of J.V, i.e., 

n.,.]. (14) 

and 
NT= [v1 v2 · · · Vn]. (15) 

Any vector n in the column space of N has the form 

Letting a = [ a1 

r 

n = L ailli· 
i=l 

_ [a·.V1] 
n- . . 

a·Vn 

(16) 

(17) 

Problem A requires a · vi 2: 0. Geometrically, this 
means there is a hyper-plane through the origin such 
that the convex hull of { v 1 , · · · , v n} is contained in 
one of the half-spaces determined by the hyper-plane. 
We shall call such a hyper-plane a supporting hyper
plane. The vector perpendicular to the plane is a. 
Now if such a hyper~plane exits, it can be rotated until 
at least r - 1 linearly independent vi vectors are in the 
hyper-plane while keeping all vi vectors in the same 
half-space. This new hyper-plane is determined by a 
vector perpendicular to this collection of r- 1 vectors. 
There are up to (r~ 1 ) candidate supporting hyper
planes to be checked to determine the existence of a 
non-negative left null vector. 

We now describe the process of determining a nor
mal vector of a hyper-plane. Any two linearly indepen
dent vectors u and v in JR3 determine a plane through 
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the origin. The cross product u x v is a normal vector 
which characterizes the plane. The cross product is 
often expressed using the convenient notation 

U XV= det [!I 
Vt 

(18) 

which reminds us that the i-th component of u x v is 
equal to ( -1)i+1 times the determinant of the matrix 
obtained by removing the i-th column of [ u v ]T . 
The two half-spaces associated with the plane are then 
given by 

{wE JR3 I (u x v) · w ~ 0} 

= { w E JR3 I det [ u v w ] ?: 0} (19) 

and 
{wE JR3 I (u x v) · w ~ 0} 

= { w E JR3 I det [ u v w] ~ 0}. (20) 

The generalization of these observations to IRr for 
r > 3 is quite simple. Suppose u 1 , .. . , Ur-1 are lin
early independent vectors in IRr. The span of these 
r- 1 vectors is a hyper-plane containing the origin. 
This hyper-plane is characterized by the normal vec
tor n = [ n1 · · · nr ]T given componentwise by 

ni = (-1)i+1det[iul ··· iur-d (21) 

where iui is equal to Uj with its i-th component re
moved. Following the form of equation (18), we write 

[ 

e1 
Ut,1 

n = Ut X ... X Ur-1 = det : 
er l Ut,r 

Ur~l,r Ur-1,1 

- (22) 
where e1, ... , er denote the standard basis vectors of 
IRr and Ui,j denotes the j-th component of the vec
tor Ui. It is clear from the properties of the deter
minant that n is orthogonal to each lli and that n is 
the zero vector precisely when the collection of veCtors 
u1, .. . , Ur-1 are linearly dependent. The two half
spaces determined by the hyper-plane are then given 
by 

{ w E IRr I det ( u 1 · · · Ur-1 w ] ~ 0} ( 23) 

and 

{ w E IRr I det ( u 1 Ur-1 w]~O} . (24) 

We can now use these techniques to determine if 
any of the up to (r~ 1 ) hyper-planes determined by the 

columns of NT are supporting hyper-planes. Choose 
r- 1 linearly independent vi vectors which we shall 
denote as v i1 , Vi2 , • • • , vi,._ 1 • Then these vectors de
termine a supporting hyper-plane if and only if each 

det [ Vi1 • • • Vi.,._ 1 Vi ] (25) 

have the same sign where the index i is varied from 1 
ton excluding it, i2, . .. , ir-1· Once it has been deter
mined that at least one of the hyper-planes supports 
the convex hull of the vi vectors, one knows that a non
negative left null vector exists. If none of the candidate 
hyper-planes are supporting, then one concludes that 
no nonzero nonnegative null vector exists. 

6 An Example 
Consider a cable-suspended robot such as the one 

shown in Figure 1. Suppose that the dimensions of 
the robot are 40 em by 30 em by 20 em and that 
the workspace is cubical with sides of length 6 m. 
The origin is taken to be the center of this cube 
and the robot's position is measured from the ori
gin to the center of the robot. Then the vi vec
tors are (±0.2, ±0.15, ±0.1) and the Pi vectors are 
(±3, ±3, ±3) . The algorithm derived in Section 5 can 
be applied to the left null spaces of L and L to de
termine the statically stable and the fully constrained 
configurations. 

We consider the problem of determining how far 
we can rotate the robot about its three different axes 
and still have a statically stable or fully constrained 
configuration. At the origin, the range of y, x, and z
rotations for static stability are -11.5 to 11.5, -18.6 to 
18.6, and -8.1 to 8.1 degrees, respectively. The ranges 
for fully constraining the robot are slightly smaller 
with -11.3 to 11.3, -18.4 to 18.4, and -8.1 to 8.1 degrees 
for y, x, and z-rotations, respectively. At the bottom 
center of the cubical, these ranges are -11.3 to 11.3, -
18.4 to 18.4, and -8.1 to 8.1 degrees for static stability 
and -4.6 to 4.6, -7.1 to 7.1 , and -8.1 to 8.1 degrees for 
fully constraining the robot. Note that the require
ment of fully constraining the robot is more stringent 
than achieving static equilibrium, hence those ranges 
are necessarily of the same size or smaller. 

7 Conclusions 
This paper has examined the inverse kinematics 

and statics of cable-suspended robots. Because these 
robots are actuated with cables, not all configurations 
can be held in static equilibrium. The configurations 
that can be held in static equilibrium were character
ized by the left null space of L, the augmented ma
nipulator Jacobian. A class of configurations called 
kinematically fully constrained configurations were de
fined and characterized by the left null space of the 
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manipulator Jacobian L. An example was presented 
to illustrate the results. 

Appendix A 

For completeness, the derivation of the inverse ve
locity kinematics is included. The time derivative of 
the i-th cable length is 

i; = !lll;ll = 11~11! Gll1;11
2

] 

= 211~11 ! [II Pi - x - Qv;ll2] 

= 211~11 ![llp;ll2+11xll•+llv;ll2 -2pf x-2pf Qv;+2xT Qv;] 

1 T' 
= ll~ll [-(Pi-x- Qvi) · x + (x- Pi) Qvi] 

1 . 
= lllill [-~ · x + (x- Pi)· Qvi] 

Now 
Qvi =w x Qvi 

where w is the angular velocity of the robot. We then 
have 

(x- Pi) · Qvi = (x - Pi) · w x Qvi 

= w · Qvi x (x -Pi) 

= W • Qv i X (X - Pi + Qvi) 

= w · Qvi x ( -li) 
= w · (li x Qvi) 

where we have used the facts that a· (bx c) = b·(c x a) 
and a x b = a x (b + a). Hence 

Rewriting this as 

i; = [-if (i; x Qv;f] [:] , 

the result follows. 

Appendix B 

In order for the robot to be in static equilibrium, 
the sum of the forces and the sum of the moments on 
the robot must be zero. Mathematically, this can be 
written as 

m 

LFi = we3 
i=l 

(Bl) 

m 

LMi = rc x we3 
i=l 

(B2) 

where F i is the force exerted by the i-th cable, Mi is 
the moment due to the i-th cable, w is the weight of 
the robot, r c denotes the vector between the center of 
robot to the center of gravity of the robot, and the 
right hand parts of the equations are the force and 
moment due to the robot. 

Now the force exerted by the i-th cable is along the 
direction L so 

(B3) 

where Fi is a positive number. Hence, the force equa
tion can be written as 

m 

LFiii = we3. 
i=l 

Now the moment due to the i-th cable is 

so that the moment equation becomes 

m 

L FiQvi x ii = rc x we3. 
i=l 

(B4) 

(B6) 

Combining these equations in matrix form, we have 

AF _ [ we3 ] 
rc x we3 

(B7) 

where 

.. . lm l (B8) 
·· · Qvm X lm 

and 
(B9) 

Note that A= -LT. 
In the examples that we will deal with, (B7) is an 

underdetermined system of equations. Hence, there is 
a whole family of force vectors F which satisfy (B7). 
However, since there are cables involved, each compo
nent of F must be nonnegative. 

Appendix C 

Proposition Suppose that the n x m matrix L has 
full rank where n > m. L has the property that every 
nonzero vector in the column space of L has both pos
itive and negative components if and only if there is 
a vector in the left null space of L whose components 
are all positive. 
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Proof The "if'' part was justified in the text; hence, 
we only need to prove the "only if'' part. We begin by 
proving a slightly weaker statemen.t: if L is nonsingu
lar and has the desired property, then L has a nonzero 
null vector with nonnegative components. 

First, observe that without loss of generality we can 
consider L to have the form 

L= 

1 0 0 
0 1 0 
0 0 1 

0 
0 
0 

0 0 0 1 

(C1) 

All that matters is the column space of L so we can 
perform elementary column operations on L. Also, we 
may have to rearrange the rows of L, but this too does 
not affect our problem. Note that elementary column 
operations on L do not affect the left null space of L. 
Rearranging rows does affect the left null space, but 
does not affect whether or not there is a left null vector 
with all positive components. 

Next, look at every nonzero nonnegative linear com
bination of the columns of (Cl). By the hypothesis, 
each contains both positive and negative components. 
Since the first m components of a nonnegative linear 
combination of columns of L will always be nonneg
ative, it follows that any such combination of the vi 
vectors must have a negative component. Let V de
note the set of all nonnegative linear combinations of 
the vectors vi. Let P denote the set of vectors in 
mn-m with strictly positive components. Now P and 
V are disjoint, convax sets. By the Separation Theo
rem, there is a hyper-plane that separates P and V. 
In other words, there is an (n - m)-vector a and a 
nonnegative scalar a such that 

p c {X E mn-m I a . X ~ a} ( C2) 

and 
Vc{xE1Rn-mla·x:5a}. (C3) 

Clearly, this hyper-plane also separates P and V? the 
closures of P and V , respectively. Since the zero vector 
0 is in both P and V, it follows that a= 0. Also, since 
the standard basis { e1, ... , en-m} is contained in P, 
it follows that each component of a is nonnegative as 
ai =a· ei 2: 0 (c.f., (C2)). Next, let Ci =a· vi. Note 
that each Ci :5 0 by (C3). It then follows that 

(C4) 

is a nonzero left null vector of L whose components are 
nonnegative. Note that a may have zero components 
or some of the Ci 's may be zero so ( C4) may have one or 
more zero components. This proves the assertion that 
if L is a nonsingular matrix with the desired property, 
then L has a nonzero null vector with nonnegative 
components. We now prove that under the hypothesis, 
a left null vector with all positive components exists. 
This will be done by contradiction. 

Suppose that L has at least one nonzero left null 
vector whose components are nonnegative. (vVe have 
already shown that such a vector exists under the hy
pothesis.) Of the set of these vectors, let n have the 
property that it has a maximal number of positive 
components. If all the components of n are positive, 
then we are done. Suppose n only has p < n posi
tive components. Then each left null vector of L has 
the property that its components corresponding to the 
zero components of n are either all zero or some are 
positive while some are negative, otherwise a suffi
ciently small amount of this vector could be added 
or subtracted to n to obtain a nonnegative left null 
vector with more than p positive components and this 
would violate the maximality of n. We now show that 
under these conditions, there is a nonnegative vector 
in the column space of L. 

Let 1V be an n x (n- m) matrix whose columns 
form a basis for the left null space of L. Let N1 denote 
the matrix made up of those rows of 1V corresponding 
to the zero components of n. If N1 is the zero ma
trix, then then-vector whose components correspond
ing to the nonzero components of n are zero and whose 
components corresponding to the zero components of 
n are positive is an example of a nonzero vector in 
the column space of L with nonnegative components, 
which implies that L does not have the desired prop
erty. Suppose N1 is nonzero. Let J.V2 be a maximal 
rank matrix whose column space is precisely the col
umn space of N1 . Then by the last argument, J.V2 has 
the property that each nonzero vector in its column 
space has both positive and negative components. By 
our result above, we have that N2 has a nonzero left 
null vector whose nonzero components are positive. 
Padding this vector appropriately with zeros results 
in a nonzero vector in the column space of L whose 
nonzero components are all positive. Hence L would 
not have the desired property. We thus conclude that 
all the components of n must be positive. 
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ABSTRACT - Only recently have photovoltaic 
cells been associated with automobiles and con
sidered as the primary energy source for elec
trical vehicles. This paper presents the struc
tural and aerodynamic aspects of a preliminary 
design for FlU's single site solar-powered vehi
cle, Pantera Solar, intended to be used in the 
North American intercollegiate competition 
known as SunRayce. Based on the competi
tion 's rules for structural strength and driver 
safety, a basic aluminum (Fi 6 Al-4V) chassis 
was developed and analyzed. lvfaking use of a 
Finite Element Analysis (FEA) software, by ap
ply ing various forces at particular points along 
the chassis, maximum stress and deflection on 
the members were determined. By carefully 
matching the chassis shape, the body-shell of 
the vehicle was generated, and the aerody
namic parameters of the body were approxi
mated by using a Computational Fluid Dynam
ics (CFD) software program. The FEA and CFD 
results matched well with the anticipated theo
retical predictions. 

INTRODUCTION 

Electric Vehicles Defeated. Fairly new to 
many, electrical vehicles have been traced back 
to 1838. Being quite popular in the early 1900s, 
they made up 3 8% of all personal vehicles in the 
U.S. at the beginning of 20th century. Unfortu
nately, due to short range and scarce electric 
power in rural areas, electric vehicles began to 
lose their popularity and were replaced by vehi
cles powered by internal combustion engines. 

Solar Power Gains Ground. After nearly a 
half-century electric vehicles managed once 
again to capture a place under the spotlight 
when, in 1981, Paul MacCready built a solar
powered airplane called Solar Challenger, and 
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flew it across the English Channel. Mac
Cready's plane had approximately 1600 photo
voltaic cells mounted on the wings, producing 
3000 watts of power [2]. His work immediately 
provided inspiration for researchers Hans Thol
strup of Australia, and Urs Muntweyler of 
Switzerland in creating the World Solar Chal
lenge and Tour de Sol, respectively, a solar
powered vehicle competition on their continents. 

North America's SunRayce. The worldwide 
competition of solar-powered vehicles, continu
ously spreading its roots around the world, 
reached the North American continent in the 
early 1990's and~ has been transformed into the 
biannual intercollegiate competition known as 
SunRayce. The competition attracts more col
leges and universities each year, providing stu
dents with immeasurable experience, a unique 
opportunity to apply their academic knowledge 
to a real-life application. 

Preparing to Compete. In 1996 Florida Inter
national University registered its Pantera Solar 
Team as a participant for the 1997 SunRayce 
competition, which starts on June 19 in Indian
apolis-Indiana, and ends nine days later, and 
1000 miles away~ in Denver, Colorado. While 
still working on their degrees, team members of 
all academic levels, have attempted to raise the 
necessary funding and design a unique concept 
vehicle that will perform successfully in the 
SunRayce competition. 

In this paper, one preliminary design of the 
chassis and body-shell configuration for the 
Pantera Solar vehicle is presented. In its basic 
configuration, a solar powered vehicle (Fig. 1) is 
composed of a photovoltaic panel which con
verts solar energy into electricity; a battery set 
that stores excess electricity provided by the 
photovoltaic array: a motor whose power is 



Figure I. Components of a Solar-Powered Vehicle 

continuously monitored; a set of either three or 
four wheels; and a body-shell enclosing the en
tire structure. This vehicle has to conform with 
strict structural and safety criteria, as presented 
in the chassis design section. 

To determine its performance under various 
conditions, the vehicle had to be analyzed 
through either analytical or empirical testing. 
Although empirical tests can provide more accu
rate results, analytical tests are more cost effi
cient, and by paying close attention to detail, can 
often provide fairly accurate data in a signifi
cantly shorter time. 

The presented prototype was designed by first 
developing a wire-frame chassis in AutoCAD, 
and imported into an FEA program for pre
processing (Fig. 2a). Using the available tools, 
the model's material, properties, and boundary 

conditions were defined and processed for vari
ous loading conditions. Based on the chassis 
configuration, as well as the solar array configu
ration developed by DeRossi and Tosunoglu [1], 
an outer shell was also developed in AutoCAD. 
The aerodynamic parameters such as drag, pres
sure, and friction coefficients, as well as flow 
characteristics along its shape were estimated by 
importing the model (Fig. 2b) into a CFD analy
sis software. 

DESIGN PROCESS 

Structural Design. In designing the structural 
configuration of a solar powered vehicle, a close 
attention must be paid to weight, because the 
limited power achievable must be maximized. 
Since the competition takes place on national 
highways at speeds of minimum 35 mph, the 

Figure 2. FlU's Pantera Solar Vehicle a) Chassis; b)Body-Shell 

-134-



vehicle's weight must not compromise its safety. 
Nowadays, high-tech materials such as carbon 
fiber and Kevlar, possessing high-strength char
acteristics and low-weight qualities, are replac
ing steel and aluminum components in most 
solar powered vehicles. However, behavioral 
analysis of high-tech materials is very limited at 
the analytical level, since their properties vary 
significantly with the molding process. Their 
standard properties are limited, thus the use of 
FEA software is also limited. Therefore, to fully 
understand and analyze the behavior of a vehi
cle built of high-tech materials, intense empiri
cal testing must be performed, which could re
sult in a time-consuming and costly process 
because of their relative high cost. To obtain the 
necessary information about its structural con
figuration at no cost, the first prototype chassis 
was designed and analyzed making use of the 
already available computer software. 

Chassis Configuration. The roll cage was de
signed, based on SunRayce rules, so that it will 
completely encompass the driver, thus providing 
complete protection in a collision. A clearance 
of 50 mm in all directions was provided between 
the driver's helmet and the roll cage when seat
ing in normal driving conditions. The con
structing material of the roll cage considered for 
this prototype was aluminum tubing having a 25 
mm (0.9842 in) outside diameter and 2 mm 
(0.0787 in) wall thickness. The properties of the 

Figure 3. Pantera Solar Chassis Configuration 
(top, side, bottom) 
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material, TI6AL-+ V, consist of a Young Modu
lus of 16E+6 psi, maximum tensile stress of 145 
kpsi, maximum compressive stress of 150 kpsi, 
and maximum shear stress of 9 3 kpsi. 

Additional factors considered in the preliminary 
structural design (Fig. 3) were as follows: 

+ maximum space available 
+ space required by the battery-pack, control

ler, and telemetry systems 
+ visibility of a point 8 meters in front of the 

vehicle, a minimum of 17 degrees above the 
horizon on level ground, and 100 degrees to 
either side from the center [ 4] 

+ maximizing interior space, yet minimizing 
frontal area to facilitate low drag ( 1) 

+ avoiding abrupt changes in shape or intri
cate shapes, to facilitate force dissipation 
and diminish stress concentration. 

Aerodynamic Design. Aerodynamic drag, 
characterized by the equation: 

where: 
DA = 0.5pV2 Cn A (1) 

Cn - is the aerodynamic drag coefficient 
A - frontal area 
p -air density 

was one of the most -considered factors in de
signing the chassis, because the structure is par
tially responsible for the final frontal area of the 
vehicle and, consequently, the main contributor 
to drag. 

Pressure drag and viscous friction are the two 
sources accounting for aerodynamic forces pro
duced on a vehicle. To minimize the "wetted 
area," and facilitate low viscous friction and 
overall weight, the first eoncept was designed 
such that it will match as closely as possible the 
existing structural configuration. Bernoulli's 
equation states that the flow over a body is gov
erned by the relationship between velocity and 
pressure, 

PsTAnc+ PnYNAMic= PToTAL = Ps+ 0.5pV2 (2) 

thus, the drag from air resistance dependent on 
the dynamic pressure, being proportional to the 
square of the speed, is negligible at low speeds. 
However, it can have a significant contribution 
at normal driving speeds, resulting in a force 
equivalent to about 0.03 g (1 ft/sec2

) [3]. In
duced drag, the result of dynamic pressure, is 
established by the shape of the front end. 



a) b) c) 

Figure 4. a) Influence of front end design on drag; b) Influence of windshield angle on drag; 
c) Air flow recirculation in a wheel well [3] 

Front End, Windshield and Faring. The 
height of the front edge of a vehicle is critical in 
establishing the separation of flow above or be
low the body as well as the stagnation pressure. 
By keeping the stagnation point low on the 
frontal edge of the vehicle (Fig. 4a), a minimum 
drag can be achieved. Similarly, the windshield 

· angle will have a significant contribution t~ the 
drag (Fig. 4b) since it establishes the flow di.rec
tion as it approaches the top of the vehicle. 
Therefore, a low nose and shallow windshield 
angle were imposed to the designed concept. 

Other areas having a significant contribution to 
the overall drag are wheels and wheel wells, due 
to the turbulent recalculating flow created when 

. in motion (Fig. 4c). Thus, close clearance fair
ing with reduced wheel cavity were designed. 
The final configuration is presented in Figure 5. 

Figure 5. Pantera Solar Body-Shell (top, side, 
bottom) 
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ANALYSIS PROCESS 

Structural Analysis. The structural analysis 
focused on the performance of the vehicle in 
case of an impact from front, side, rear or rollo
ver. All impacts assumed a bumper height of 10 
em and elevation of 35 em, as presented in fig
ure 6 [ 4]. A slight modification in the structural 
analysis was imposed to the criteria presented in 
Figure 6, that is, impact forces were applied 
onto the chassis itself rather than on the outer 
shell, as the figure shows. This modification 
was justified by the assumption that all body 
panels will fail at the time of impact. 
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Figure 6. Impact Criteria 

The model was pre- and post-processed in FE
MAP 4.51, while the processmg was .done using 
ALGOR's finite-element algorithm. From the 
post -process analysis, emphasis was given to 
the axial and bending stress as well as the de
flection in the members, since torque never ex
ceeded 90 in lbs. The following sections present 
the analysis results for only four of the cases 
presented in Figure 6. An overall car weight of 
800 lbs was used in computing the 4000 lbs 
(5G) impact force. 
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c) Roll-Over Impact d) Rear Impact 

Figure 7. FEA Stress and Deflection (L-impact direction & load; G-ear weight of 800 lbs; C-constraint) 

FEA Results. For front impact analysis (Fig. 
7a), boundary conditions consisted of fixed rear
end, no Z translation of front wheels, and six 
degrees-of-freedom (6-00F) for all other nodes. 
A maximum compressive Axial+Bending stress 
of 7 kpsi, a maximum tensile Axial+Bending 
tress of 3.4 kpsi, and a total translation of 0.07 
inch resulted from this analysis. Boundary con
ditions for side impact analysis (Fig. 4b consisted 
of fixed front-left and rear wheels, no Z transla
tion of front-right wheel, and six degrees-of
freedom (6-DOF) for all other nodes. The im
pact force applied at the center of the front-right 
wheel created a maximum compressive Ax
ial+Bending stress of 17.8 kpsi, a maximum ten
sile Axial+Bending stress of 1. 7 kpsi, and a total 
translation of 0.07 inch. Rollover impact (Fig. 
4c) assumed an impact force applied on the 
rollover bar, above the driver's head. Resulted 
stresses consisted of a maximum compressive 
Axial+Bending stress of 12.3 kpsi, a maximum 
tensile Axial+Bending stress of 8.8 kpsi, and a 
total translation of 0.063 inch. Rear end impact 
analysis (Fig. 4c) resulted in a maximum com
pressive Axial+Bending stress of 10.1 kpsi, 
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maximum tensile Axial+Bending stress of 4.5 
kpsi, and a total translation of0.05 inch. 

Aerodynamic Analysis. In this primary stage of 
design, the main interest was to determine the 
mechanics of the air flow for the selected shape 
and examine the nature of the flow around the 
body of the vehicle. The model presented in Fig
ure 8 was imported into VSAERO 5.1, a CFD 
software from Analytical Methods Inc. used by 
EDS, and analyzed for three different yaw an
gles. 

Table 1. Onset Conditions [common] 

Velocity (V) 40.00 mph (58.6 fps) 

Length (I) 18.80 ft (5.73 m) 

Viscosity (u) 0.0016 (std. atm.) 

Reynolds# 6.91E+09 (V*I)/u 

Area (m~) 1.00E+OO 

IPitch Angle (deg) 0.00 

CFD Results. A grid of the model was gener
ated, and each grid was analyzed through a flow 



Figure 8. Pantera Solar Aerodynamic Characteristics: a) Upper Boundry Layer; b) Lower Boundry Layer 

dynamics algorithm until the model's shape 
converged to its real-time configuration. Sec
ond, the estimated shape was analyzed for dif
ferent wind angles, simulating the effects expe
rienced by the vehicle as it will run in a real
time situation. The onset common conditions 
for the analysis are presented in Table 1. 
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The resultS obtained for the three cases are pre
sented graphically in Figure 8. They consist of 
plots of pressure coefficient (Cp) and boundary 
layer pressure coefficient (Cp) and boundary 
layer characteristics (H) against the X location 
on the vehicle. 



Table 2. Summary of Aerodynamic Coefficients 

Onset Conditions [variable] Analysis I Analysis II Analysis Ill 
Yaw Angle (deg) 

EDS I VSAERO Numeric Results 
Projected Frontal Area (m") 
Coefficient of Drag (Co) 
Coefficient of Lift (CL) 
Surface Friction Drag (CSFD) 
Total Wetted Area (m2

) 

In those figures, the upper and lower boundary 
layers represent fluid flow over the top and bot
tom surface of the body-shell. Each boundary 
layer consists of inboard streamlines ( # 15 3, 
#210), which are 0.2 m away from the surface, 
and outboard streamlines (#199,#204)), which 
are 0.8 m away from the surface. Those 
streamlines have the corresponding pressure 
coefficients ( CP) and boundary layer property 
(H), where 2.2 represents the laminar flow. 

As determined from those graphs, high-pressure 
coefficients are encountered at the stagnation 
points, that is, at the tip of the vehicle and at the 
tip of the solar array. The boundary layer is 
maintained as laminar up to the beginning of 
the solar array where a transition occurs, and 
becomes turbulent toward the second half of the 
vehicle. 

These graphs closely resemble the places where 
a more detailed design can prevent the sudden 
changes in pressure coefficients, and most likely 
delay ·the formation of turbulent flow. Based on 
these results, several modifications are to be 
performed in order to determine the most effi
cient shape configuration. 

A summary of the numerical values obtained 
from the analysis is presented in Table 2 for all 
three cases. 

CONCLUSION 

A primary concept for the Pantera Solar body 
design, FlU, s solar-powered vehicle, was intro
duced and analyzed. Performance of the sug
gested chassis under various loading conditions 
were established through a Finite Element 
Analysis (FEA) process. The aerodynamic 
body-shell characteristics were approximated for 
three real-time cases using a Computational 

0.00 5.00 10.00 

0.85660 0.85660 0.85660 
0.05100 0.04563 0.02890 
-0.00481 -0.02640 -0.02930 
0.06230 0.06181 0.06238 

22.61800 22.61800 22.61800 
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Fluid Dynamics (CFD) process. All the ob
tained information provides a basis for future 
design implementation, and to assist in the de
sign process of the final concept. 
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Abstract -A cardiovascular flow loop drive system is a 
machine used to simulate the human circulatory system 
and has many uses, one of which is artificial heart valve 
testing. The drive system of this machine is a variable 
flow pump whose output has to match a flow profile pro
vided by the user. Such a machine was previously built. 
However, it presented several shortcomings: noise, vibra
tion, and cumbersome usage among others. The ventricu
lar pump presented in this paper uses a specially de
signed mechanism together with new and improved con
trol software. The operation of this pump, which we call 
CarMa/F, is smooth and quiet; important parameters 
such as stroke volume can be changed while the machine 
is running. 

INTRODUCTION 

In Biomedical engineering, there is a need to study the 
characteristics of blood circulation in the human body. 
Among these characteristics is the pressure-flow relation
ship in the systemic circulation. This relationship is of 
particular importance when assessing the performance of 
prosthetic devices such as artificial heart valves. 

Extensive studies of normal and pathological conditions 
can only be performed in vitro. A cardiovascular flow 
loop (CFL) is used to undertake these studies. Such a 
machine should mimic the circulatory conditions of the 
human body as close as possible. These conditions com
prise, among others, the heart's pumping action, the pe
ripheral resistance and compliance of the aorta. 

Such a machine was constructed at the BioFluid Me
chanics Laboratory at Florida International University by 
Flavio Souza-Campos, a graduate student. It consisted of 
three main parts: a pump, a ventricular box and a flow 
loop to simulate the arterial resistance and compliance. 
The drive mechanism consisted of a stepping motor con
nected to a rack and pinion. The rack was connected di
rectly to the piston which moved the fluid through the 
loop. 

The success of the CFL lead to a redesign of the origi
nal to overcome several shortcomings: 
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• Bulkiness of the mechanism, since all components 
were held within the same box. Lack of portability. 

• Overheating of the circuitry. 
• Vibrations on the whole system that caused noise and 

interfered with the data acquisition. 
Lack of versatility: cumbersome procedure to change 

operating parameters such as stroke volume. 
• Extensive maintenance. 
• Inordinate amounts of computer time spent in the 

calculation of the velocity profiles to be fed to the 
controller board. 

DESIGN CONSIDERATIONS AND CONSTRAINTS 

Considerations 

• The original design had both the mechanical and 
electronic components located inside the same casing. 
This was the main cause behind the overheating of 
the electrical components. since the casing was insu
lated to dampen the noise~ however, the noise levels 
were not reduced sufficiently, and the insulation only 
helped to increase the temperature inside. 

• An important variable in the simulation of the flow is 
the stroke volume. In the original design the stroke 
volume was not easy to change. The entire velocity 
profile had to be reloaded in order to simulate a dif
ferent stroke volume. This limitation comes about 
from the nature of the mechanism itself. Since the 
piston was driven with a rack and pinion arrangement 
for which the pinion was directly connected to the 
stepping motor, once a velocity profile was fed to the 
motor the stroke volume was fixed for the rest of the 
experlment. This represents a considerable amount of 
time when running experiments at different stroke 
volumes. 

• A new use for the cardiovascular duplicator will be as 
a didactic learning tool to be used in the classroom. 
This implies that the new machine must endure con
stant use by students with extensive hours of opera
tion and it must be portable. 



• The original program used to generate the input file 
for the stepping motor spent inordinate amounts of 
computer time. To make the system usable, and to 
allow for rapid generation of different flow curves, a 
faster code should be developed. Similarly, the new 
code should account for the new geometry of the 
mechanism. 

Constraints 

• The CFL has to produce stroke volumes in the human 
range. The minimum stroke volume should be 50 ml, 
and the maximum 150 mi. 

• The CFL pump has to be capable of handling a 
maximum pressure of 200 mmHg. 

• The CFL has to run quietly and no vibrations should 
be transmitted to the fluid . 

DESIGN 

Kinematic Description. A Scotch-yoke linkage (#1 in 
Figure I) converts the rotational motion from a stepping 
motor into linear motion. A linkage system connects it to 
the plunger in the piston. This linkage system consists of 
the following, with numbers referring to labels on Figure 
1: 

Figure 1: Bottom View of Mechanism 

The slider of the Scotch-yoke linkage (#2 in Figure 1) is 
held in place by two blocks with journal bearings through 
them. Parallel to this slider is another shaft (#3 in Figure 
1) held in place in the same fashion. A third, variable 
length link connects the two shafts (#4 in Figure 1). This 
link is connected to one shaft by a revolute joint (#5 in 
Figure 1 ), and to the other one by a sliding revolute joint 
(#6 in Figure 1). At the same time, this link is allowed to 

pivot around a fulcrum (#7 in Figure 1). The location of 
this fulcrum can be varied along an axis perpendicular to 
the two parallel shafts. The movement of this fulcrum is 
controlled with a feed-screw. The motion of the feed
screw is completely independent of the motion of the 
links, which allows the stroke volume to be varied while 
the CFL is operating. This is the most important feature 
of the mechanism. 

By using this mechanism the shape of the flow profile is 
controlled through the file generated by the software. 
However, the stroke volume is independent of the input so 
the user must not load a different file every time the stroke 
volume changes in an experiment. Furthermore, the en
tire range of stroke volumes can be studied for a single 
flow profile by simply relocating the pivot. 

Figure 2: Side View of Mechanism 

Material Selection and Construction. For the first 
prototype, it was decided to use aluminum as the main 
material. Aluminum is relatively inexpensive, light, 
strong and corrosion resistant. It is also easier to machine 
than stainless steel. The shafts were manufactured out of 
stainless steel because the wear against the bronze bush
ings was to be considerable. 

The mechanism is mounted on an aluminum plate. The 
blocks that hold the bronze bushings through which the 
shafts run are bolted to the plate from the opposite side. 
Four aluminum side panels (#1 in Figure 2) were manu
factured to give structural support to the plate and the 
piston cylinder assembly. They were bolted to the plate 
using #10-32 screws. A slot was milled through the plate 
to accommodate the moving part which holds the fulcrum. 
At the ends of the slot, the two bearing surfaces of the feed 
screw mechanism (#1 in Figure 3) are also bolted to the 
plate. By turning a knob at the end of the feed screw, the 
locations of the fulcrum is moved to adjust the stroke vol
ume. 

An aluminum bridge was constructed to house one of 
the two ball bearings used to hold this shaft. With two 
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spacers, a second aluminum plate was mounted above this 
bridge, containing the second ball bearing. 

Figure 3: Top View ofMechanism 

The sizes of the two shafts was selected to be Y4 in. di
ameter. This size provides rigidity and strength, two fun
damental characteristics of the mechanism, while allow
ing for a light weight and compact design. 

The stepping motor (#2 in Figure 2) was mounted in a 
wooden base and using two rubber strips to dampen the 
vibrations. The entire motor base is held onto the base 
plate on two slots (#2 in Figure 3) so that the tension on 
the timing belt (#3 in Figure 3) can be adjusted. The sec
ond timing belt pulley is attached to the motor's shaft to 
reduce the vibrations of the stepping motor. Stepping 
motors tend to produce considerable amount of vibration 
since they move in discrete steps. Vibrations constitute a 
major problem because they lead to loud noise being gen
erated by the CFL when operating. Also, this vibration 
degrades the quality of the recorded data due to the sensi
tivity of the pressure probes inside the fluid loop. 

The main problem encountered during the design proc
ess was the vibration transmitted through the shaft of the 
motor to the rest of the mechanism. Since the mechanism 
has several joints where some play exists, the vibration 
results in rapid hammering of the surfaces which leads to 
noise. To avoid this, the shaft of the motor was separated 
from any solid component by using a timing belt~ this 
flexible transmission element provides excellent vibration 
dampening while maintaining a one to one relationship 
between input and output. A gear reduction was also im
plemented through the use of different diameter timing 
belt pulleys. With this reduction, the stepping motor was 
made to rotate faster than what the design conditions re
quire the driving wheel to rotate. This results in a more 
silent operation of the stepping motor. The entire motor 
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assembly is mounted on rubber legs to isolate the remain
ing vibrations. 

The piston-cylinder arrangement (#3 in Figure 2) was 
designed to produce the necessary stroke volume range 
while minimizing the forces transmitted to the mecha
nism. By running a trial and error optimization technique 
using MathCAD, a diameter of 2.25 in. was selected for 
the piston. This size produces reasonable linear dis
placements, accommodates the desired range of stroke 
volumes and results in small friction forces. 

The material chosen for the cylinder was transparent 
extruded acrylic. Cast acrylic would have been preferable 
but the elevated cost of such material prevented its im
plementation. The disadvantage of the extruded material 
lies in the small imperfections the manufacturing process 
brings to it. A crown, or small bulging is always associ
ated with the process of extrusion. This suggests that the 
inside of the cylinder is not perfectly round, a factor that 
severely increased the difficulty in manufacturing of the 
piston. 

The piston was machined out of a solid rod of PVC. 
The 0-ring grooves were placed one half diameter away 
from each other to ensure smooth and stable linear trans
lation of the piston inside the cylinder. The shaft was 
connected directly to the piston with a thread. Since this 
thread is located in a blind hole there are no problems 
with leaking through the shaft and the piston. The mass 
of the piston was reduced by drilling holes to remove un
necessary material. Care was taken to leave a sufficiently 
strong structural web between the holes to maintain rigid
ity in the piston. 

The entire unit only weighs 1 Okg. Two handles were 
constructed and placed conveniently in order to make the 
machine fully portable. This satisfies the requirement of 
portability. 

The modular characteristics of the pump were not for
gotten. The machine is a part of a more complex system 
which is comprised of several parts. With this in mind, 
the pump was designed and built to be fully compatible 
with the existing flow loop. 

Electronics BoL The components of the electronics box 
include: . 
• Pacific Scientific 5310/5410 indexer/driver : Motor 

controller 

• 

• 
• 

Pacific Scientific NEMA 34 H Series Stepping Motor, 
model E32NXLP-LXX-NS-OO.M68HC11EVB Pro
grammable Logic Board 
Standard 13 5W Computer DC 
Power One HD48-3-A International Series DC Power 
Supply 



The electronic components were separated from the me
chanical components as mentioned before to reduce risk of 
damage due to overheating and exposure of the circuits to 
vibration. A computer box was used to mount the differ
ent electronic components and isolate them from the 
mechanism driving the pump. An air cooling system 
consisting of two fans was designed and implemented. 
This system provides a circulation pattern of air inside the 
box to remove the heat dissipated by the circuits. In this 
way, the control sytem is protected from dust, vibration 
and overheating. 

The position of the different electronic components was 
determined using three different criteria: position to allow 
an efficient air flow in order to provide the necessary 
cooling to all the components, position to allow the opti
mum cable routing and position to allow a balanced 
weight of the unit in order to make the carrying easy. 
With these constraints in mind the position of the differ
ent components was chosen to optimize the space utliza
tion and connections between the different components 
(Figure 4). 
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Motor 
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I Logic Board 

Figure 4: Layout of Electronic Components 

Top View 

Frmt View 

Another aspect which was improved with respect to the 
previous design was the quality of the connections. Rug
ged connections were implemented and all of the cables 
from the electronics box were routed through a single 
thick cable with threaded connections at the ends. The 
cables were all twisted and shielded to prevent any inter
ference later on with the collection of the data. These 
modifications were made to satisfy the requirement of 
durability. The electronics box was equipped with panel 
mounted controls and displays which make it more com
fortable and user-friendly. These modifications were 
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made having in mind the future use of the machine as a 
classroom or laboratory tool. 

Software. Due to the nature of the mechanism, soft
ware programs are necessary to control the stepping motor 
and its support components. The control is achieved by 
means of two software programs. 

The first one, Heart, is an already existing program 
which interacts with the logic board that controls the 
stepping motor. This software reads the necessary infor
mation from a file and is used to directly control the op
eration of the pump. 

The second program, BEn!, was written specifically for 
the CFL mechanism. This program reads a number of 
points supplied by the user, which represent a flow profile, 
fits a curve through them. From this profile the number 
of cycles that the stepping motor has to wait before jump
ing a given step is calculated. 

To understand the workings of these programs, it is 
necessary to comprehend how a stepping motor works. 
These stepping motors move in discrete increments, called 
steps, instead of moving continuously like induction mo
tors. These motors move one step each time that they 
receive a pulse signal from the electronics to which they 
are attached. The velocity at which the motor moves is 
controlled by the amount of time between each of the 
pulses sent by the board. In this fashion, a non-constant 
velocity profile can be obtained by providing the electron
ics with varying waiting times for each pulse. The second 
program provides the logic board with these times, meas
ured in clock cycles, that it has to wait before sending 
each pulse. An explanation of how these time intervals 
are calculated follows. 

The user has to provide the program with the following 
information: a file that contains the number of points that 
describe the flow curve to be simulated and the location of 
those points on Cartesian coordinates. Any number of 
points can be given to the program as long as the follow
ing guidelines are followed: 
• The first line must contain the number of points n 

that describe the flow profile 
• The following lines contain the coordinates of each 

point, using the Cartesian format x,y. One point is 
given per line. 

• All the points must be located in the first quadrant of 
the coordinate plane. 

• The curve consists of two flow profiles. The first 
profile corresponds to the systolic flow (forward 
stroke) profile, and the second to the diastolic flow 
(backward stroke) profile. 

• Three points on the x -axis must exist. The first, To. 
will always be (0,0) which corresponds to the begin
ning of systole. The second, Ts. corresponds to (x,O) 
which will be the end of systole and the beginning of 



diastole. The third point, Td, corresponds to (n-1,0), 
the end of diastole. At least another point not on the 
x-axis must exist between (0,0) and (x,O), and be
tween (x,O) and (n-1 ,0) for flow to exist. 

• The actual values of the coordinates are positive real 
numbers. 

Once this information is supplied, the name of the out
put file will be requested. The user will be further asked 
to supply the heart rate and the percentage of systole. Di
astole will be taken as the remaining portion of the heart 
beat. One heart beat is considered to consist of one systole 
and one diastole. However, systole and diastole do not 
necessarily last half a heart beat each. 

BEn! follows the subsequent calculations to convert the 
input data into number of cycles that the motor must wait 
before moving to each step. 

Once the data points are read into memory, they-values 
which correspond to a volume flow rate profile are con
verted to velocity points by dividing by the cross-sectional 
area of the piston. The x-axis, which was originally pro
vided as an non-dimensional axis, is then redefined as a 
time axis. This conversion is done using the heart rate to 
calculate the time that each heart beat last. This time will 
be considered as the end of diastole (T d), considering t=O 
corresponds to the beginning of systole (To). Using this 
time and the systole percentage, the time that systole lasts 
is obtained and is assigned to Ts. All the data points in 
between will be appropriately converted to maintain the 
shape of the curves. 

Next, a line is fit through these points to obtain equa
tions for a flow profile. The Spline method presented in 
James et al. (1993, p. 363) is used. The area under the 
curve is calculated using the Simpson's 113 Rule, which is 
also explained in James at al. (1993, p. 404). This area 
under the curve corresponds to the basic stroke volume 
under the curve. 

A reference stroke volume is used to modify the y
values of the curves. The basic stroke volume is compared 
with the reference stroke volume and a ratio is obtained 
between each. Each of the y points is multiplied by this 
ratio. This operation forces the values to be such that the 
area under each curve corresponds exactly to the reference 
stroke volume after another Spline curve fitting operation 
is performed with the new points. The actual value of this 
reference stroke volume was taken to be the volume dis
placed by the 2.25" diameter piston when the pivot is lo
cated at its midpoint. This point was selected since a 1 to 
1 correspondence exists between the motor stroke and the 
piston stroke, which simplifies the mathematics and no 
kinematic equations must be taken into account. This 
results in a Velocity vs. Time graph. 
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The next step is to convert the time-axis into a dis
placement-axis. Since the displacement is the integral of 
the velocity with respect to time, the displacement values 
for each point can be calculating by finding the area under 
the Velocity-Time curve. The values of this integral is 
assigned to the x-value of each point. Curves are fitted to 
these new points using the Spline method. 

Once the Velocity vs. Displacement is ready, the values 
of the velocity of the piston can be calculated for any po
sition along its stroke. The number of points that must be 
calculated depends on two factors. The first is the motor 
steps per revolution, which in the CFL is set to be 1000, 
and the gear ratio of the motor and the Driving Wheel, 
which is 2. The total number of points needed is given by 
the product of these two numbers. For the mechanism to 
move one beat (one forward and backward stroke), the 
motor has to turn two full times due to the gear ratio, and 
each turn consists of 1000 points. 

These 2000 points on the x-axis are calculated by sim
ple trigonometry, by projecting the location of the wheel 
pin onto the x -axis using the cosine function. 

Next, these points, which correspond to the piston dis
placement, are passed through the sets of equations that 
define the Velocity vs. Displacement curves. Thus, the 
velocity at each point is obtained. A small assumption is 
made, and that is that the velocity is constant between 
each step. Thus, knowing the distance moved by each 
step after being projected on the x-axis and the velocity, 
the time can be easily calculated from t=d/v. 

These times are converted to number of cycles that the 
motor must wait knowing that the frequency of the elec
tronics is 2Mhz. Finally, the number of cycles is divided 
by the gear ratio to account for the ratio of angular veloci
ties between the motor shaft and the driving shaft due to 
the gear ratio. 

The program is versatile and can be used to model 
profiles for various setups. Modifications to two constants 
in the program should be sufficient. The first is the con
stant STEPRA TE, which corresponds to the steps per 
revolution at which the motor is operating. The second is 
the constant GEARRATIO, which hold the value of the 
ratio of the driving pulley to the motor pulley, reducing 
the value of the motor pulley to 1. In other words, a 3:2 
ratio would be entered as 1. 5: 1. 

TESTING OF THE MECHANISM 

A simple flow loop was constructed to perform the ini
tial tests on the machine. The loop, shown in Figure 5, 
which starts at the outlet of the piston-cylinder arrange
ment, is provided with two artificial heart valves. This 
valves allow flow only in one direction. With the correct 
arrangement they allow pulsatile flow in the direction 
shown. During systole, or the forward stroke of the pis-



ton, valve A opens and the pressure generated closes valve 
B. During diastole, or the backward stroke of the piston, 
valve B is closed while valve A is opened allowing the 
fluid to flow from the reservoir into the cylinder. This is 
the same mechanism by which the left ventricle of the 
heart pumps 'the blood into the stemic circulation. 

Figure 5: Schematic of Test Loop 

The instrument used to measure the flow was an elec
tromagnetic flow meter. This device allows the accurate 
measurement of the instantaneous flow across the probe 
by means of an electrical signal which can be viewed in 
an oscilloscope or recorded in a strip-chart recorder. The 
shape of the flow curve can be observed and the success of 
the design verified. 

The position of the flow meter is such that both systolic 
and diastolic flow can be accurately measured to ensure 
proper functioning of the system. 

An input flow curve representative of the actual flow in 
the human heart was sought. For this purpose, a text book 
flow wave typical of the flow in the heart was used. 
Twenty two dimensionless points which best described the 
curve's main features were obtained. The method to ob
tain a dimensionless point is quite simple. The corre
sponding values of time and flow are obtained for a num
ber of points which describe the different features of the 
curve such as valleys, hills, inflection points etc. Then all 
the values for flow and time are divided by the highest 
flow and the duration of the cycle respectively. The re
sulting set of dimensionless points is used by the software 
to generate different flow curves conforming to the same 
general shape. 

These points were entered to the file generating pro
gram, and the resulting file was inputted to the control 
system. 

The objective of our first tests was to compare the 
measured flow curve to the input curve. The effectiveness 
of the system will be determined by the degree of similar
ity of these two curves. Another important test that must 
be performed on the system is to insert a pressure trans
ducer and obtain readings while the machine is working 
to verify the quality of the data. Data with good quality 

would be a pressure curve in the oscilloscope with little or 
no noise caused by vibrations in the fluid transmitted by 
the mechanism. 

EVALUATION 

The initial tests produced acceptable results. The out
put curve presented a resemblamce to the input curve. 
The general shape of the input was observed in the output. 
The problem encountered was the appearance of small 
steps in the measured flow curve. They are attributed to 
the play at the T -joint. 

With the addition of the gibs that holds the pivot, these 
disturbances were minimized. In addition they occur at 
the beginning of systole and diastole where the flow is 
near zero. Additional adjustments must be made to the 
software to improve the accuracy of the output curve. 
Elimination of the backlash from a mechanical system is 
almost imposssible. The advantage of the proposed sys
tem lies in the fact that the motion is controllel entirely by 
software. By fine-tuning the input file it is certain that the 
output flow will have the desired shape to serve as the 
input of the cardiovascular flow loop. 

The results were excellent from the point of view of 
eliminating vibrations and noise. The timimg belt proved 
an effective means for solving this problem. 

In addition, the mechanism was subject to near-extreme 
conditions like p=l50 mmHg and a heart rate of 150 beats 
per minute and performance was normal. 

The plans for future improvement include the addition 
of a positioning system to allow the user to know the lo
cation of the piston at any instant. This information be
comes necessary when the machine is implemented in the 
complete system. 
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Abstract-Manipulators and mobile platforms are often 
used to perform operations in hazardous environments 
such as nuclear reactors, outer space, deep sea and 
other sites that may represent a potential danger for 
human beings. A failure of any mechanical system 
while operating in any of these environments may result 
in the abortion of the mission if the system has not been 
designed to tolerate failures. Fault tolerance is an 
emerging technology that promises new possibilities in 
the design of mechanical systems. This technology is a 
key factor in achieving the high degree of safety and 
reliability required from robotic systems operating in 
such environments. Since 1950 many research results 
have been published on the introduction of fault 
tolerance into the design of robotics systems. Works in 
this area were to a great degree initiated by the 
computer industry, military, and aerospace 
communities. The aim of this paper is to introduce the 
application of fault tolerance to mobile platforms. 
Various design alternatives are introduced and their 
relative merits are compared in an effort to determine a 
suitable platform architecture for use in hazardous 
environments. 

Introduction 

Generally, robotic systems are used in 
operations under extreme environmental conditions. In 
such cases, they are provided with a high degree of 
autonomy. Often, they are required to travel on 
unknown surfaces and around obstacles of an unknown 
shape. These uncertainties would be easily overcome 
by a human being. However, for a robot, operations like 
this would mean the integration of a quite complicated 
system. For example, it would have to have some kind 
of a mobile platform on which one or more manipulators 
as well as tools and materials can be transported. The 
platform should be provided with a highly maneuverable 
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steering system. This is done through actuation of 
several degrees of freedom for each wheel. 

Another complicated task is the design of a 
navigation system capable of detecting and avoiding the 
obstacles encountered. Here, the use of position, 
velocity and vision sensors is absolutely indispensable. 
As one can see, in order for a robotic system to perform 
the simple task of avoiding an obstacle, a great number 
of components and complicated system designs is 
needed. 

When operating in hazardous environments, a 
partial or total failure of mechanical components of a 
robotic system can be disastrous for the end result of the 
task. This may represent an unaffordable loss of time 
and money. Furthermore, trying to retrieve a robot from 
such an environment can be dangerous or even 
impossible for human beings. Therefore, safety and 
reliability have to be primary concerns for designers. 

Introducing fault tolerance into the platfonn 
design would greatly increase its reliability. Fault 
tolerance can be applied at · different levels and 
components of a particular mechanical system. Means 
of measuring levels of fault tolerance in mechanical 
systems have been developed in former works such as 
[4] and [6] . Furthermore, introductory surveys in the 
area of fault tolerance of mechanical systems have been 
developed in works such as [5]. 

In this work, the attention will be focused on 
introducing fault tolerance capabilities into the actuation 
of the driving and steering systems of mobile platforms. 
In general, a fault -tolerant system is designed to provide 
the mechanical architecture with a back -up subsystem 
that enables the entire system to undergo a failure and 
continue to work with minimum or no adverse 
consequences on its performance. A discussion of 



different design alternatives of a fault tolerant mobile 
platfonn is presented in this paper. 

Design Alternatives 

The different design alternatives that have been 
considered in this paper were developed around the idea 
of a general purpose mobile platform. This general 
purpose equipment could be seen as a car-like vehicle 
with four wheels and a base. The size, shape,, and 
capability of the platform may vary according to the task 
to be performed. In order to discuss the application of 
fault tolerance, its basic architecture has been divided 
into three major systems: the drive system, the steering 
system and, the base or chassis. 

First Design Alternative 

The initial design in Figure 1 shows a basic 
mechanical architecture of a car-like vehicle with four 
wheels. The base is designed to support the weight of 
the different equipment, materials, tools and/or 
manipulators required for the task. Also, it may carry 
most of the navigation sensors and feedback electronic 
devices. Since this paper focuses on introducing fault 
tolerance into the actuation systems, the base structure is 
not shown in Figure 1. 

Figure 1. Basic architecture of a mobile 
platform (Base is not shown). 

The drive system powers the rear wheels of the 
platform. The system is composed of two brushless 
actuator-brake-clutch mechanisms that transmit torque 
from the actuator(s) to the rear wheels through a 
differential mechanism as demonstrated in Figure 1.1. 
The dual actuator-brake-clutch mechanism gives the 
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driving system the capability to continue to operate after 
a failure on any of its components. For example, if any 
failure occurs at the actuator while generating torque, 
this subsystem can be disconnected from the entire 
system by disengaging the clutch. Then, the operation 
may resume after actuating the other subsystem by 
engaging the clutch. In this case, the entire system will 
continue to perform its task under the same torque 
requirements. Previous work concerning this type of 
mechanism can be found in [1] and [9]. 

This mechanical architecture also tolerates a 
failure in the braking device. Since robot platforms 
generally operate in constrained, unknown sites, they 
are designed to run at a low speed. Therefore, if the 
breaking device fails, the other subsystem would take 
over. Providing torque in the opposite sense could also 
solve this problem. 

This dual driving system not only guarantees 
tolerance to failure of any of its individual components 
but also increases the load-carrying capacity of the 
platform. In addition, backlash of the differential 
mechanism at starting motion can be corrected when 
accurate positioning is to be achieved. This can be done 
by simultaneously providing a large torque required to 
move the platform through one subsystem and a small 
torque for a very short period of time, in the reverse 
sense with the other subsystem. 

Output Torque 
to the Wheel 

Driving Mechanism 

Figurel.l. A dual actuator/clutch/brake 
with a differential mechanism generates 

the required torque. 

The steering system of this design consists of 
two direct drive actuators with a clutch/brake system 
connected to the vertical shaft of the forkstand of the 



front wheels. The actuators provide torque to the shafts, 
and make the wheels spin around their imaginary, 
vertical axes. The required wheel orientation may be 
achieved for any given angle. 

Although this system is very simple as far as 
mechanical arrangement, it has not been designed for 
fault tolerance in steering. It is obvious that a failure of 
one of the actuators would prevent the platform from 
changing its current trajectory. Another problem in this 
design is the achievement of parallel orientation of the 
wheels. Despite current development in the position 
control device technology, achieving identical wheel 
orientation may be constrained by mechanical factors 
such as mechanism backlash and material wear. A 
misalignment of the wheels would provoke slippage, 
loss of positioning, and orientation accuracy. 

Second Design Alternative 

In order to improve the initial design, the above 
issues were considered in the second design. In this 
alternative, the driving system was not modified because 
the original design had a simple, effective configuration. 

Steering Mechanism 

Driving Mechanism 

Figure 2. A set of three spur gears 
performs the steering. 

The steering system, on the other hand, was 
redesigned as shown in Figure 2. Here, spur gears were 
placed at the end of the vertical shafts which are also 
coupled to the servo motors. Then, a third spur gear 
was placed in between the former two, such that the 
torque is simultaneously transmitted to the vertical 
shafts. In doing so, a parallel alignment of the wheels is 
guaranteed. Therefore, the platform would follow the 
desired trajectory smoothly, with minimum slippage. 
Now, steering can be performed with only one actuator 
while the other acts as a back-up in case of failure. It is 
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important to note that in design alternatives one and 
two, a rotation capability of 180° is required to turn 
toward a desired direction. This design considerably 
improved the fault tolerance of the entire system with 
respect to the first one. However, both lack high 
maneuverability which is usually an important factor to 
consider in the design of the mobile platform. In many 
instances, the platform will have to perform its tasks in 
an unknown, space constrained environment where high 
maneuverability and obstacle avoidance capability is a 
major issue. The fact that the rear wheels have only 
one degree of freedom makes steering very difficult and 
limited. Furthermore, achieving positions in the 
surroundings of the platform may require several 
approaching movements. Maneuverability issues have 
been considered in the past in works such as [3] and [7]. 

Figure 2.1 shows a sketch of the platform 
turning around a point away from the center of the base. 
It can be noticed that even with a sharp turn of 60° a 
large area is required to turn about a particular point. 
Reaching interior points of the circle will require extra 
maneuvering. 

Area of Difficult \ 
Access 

J 

Platform Top View 

6 0.0 000° 

Figure 2.1. Front -wheel steering reduces 
maneuverability. 

Third Design Alternative 

After analyzing these issues, it became 
necessary to follow a different approach in designing the 
driving system. Now, the problem was to arrange the 
driving mechanism such that the rear wheels may have 
an additional degree of freedom to improve 
maneuverability and still provide fault tolerance 
capability to the driving system. The analysis led to the 
third design alternative shown in Figure 3. Here, the 
driving system was significantly modified. The torque 
is provided by four brushless direct drive actuators with 



a clutch/brake mechanism connected to the shaft of each 
wheel. Since the torque is transmitted directly to the 
wheel without the use of gears, the power loses due to 
friction are reduced. Also, the use of direct -drive 
actuators increases the reliability of the system. Each 
motor should be designed to generate enough torque to 
drive the platform. With such an arrangement, one 
motor can be used to drive the platform and the others to 
be used as back-ups. The use of direct-drive motors 
makes the design more compact and eliminates the need 
for a differential mechanism. 

The steering mechanism was modified as well. 
In order to achieve a simultaneous, parallel orientation 
of the platform, the vertical shaft of the four wheels were 
connected through a spur gear set. The two direct -drive 
actuators in charge of the steering have to be designed to 
make the four wheels spin simultaneously. They should 
produce enough torque to defeat the load created by the 
friction of the four wheels with the ground while 
spinning around the vertical axis and overcome the 
friction generated by the gears. In this design, the 
steering and driving systems can tolerate failure while 
maneuverability has been appreciably enhanced. It is 
important to point out that the platform can reach any 
point of its surrounding in a straight trajectory. Hence, 
complicated maneuvering has been eliminated. 

CD 
Connecting 

Spur gear 
. 
. 

I 

Spur Gear 

Spur Gear 

Actuator 

Actuator 

Figure 3. Simultaneous steering of the four wheels 
eliminates complicated maneuvering. 

Many good features have been introduced with 
this alternative. However, the design is suitable in small 
size platforms. In bigger platforms, the gears would 
have to be very large in order to connect the four shafts. 
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Comparison of the Design Alternatives 

The initial design was used as the starting point 
in the search for an optimal design of a fault -tolerant 
mobile platform. The attention was directed to 
providing fault tolerance capabilities to the driving 
system. Compared to the other alternatives, the double 
actuation through the differential mechanism is a 
simpler and compact design that gives the platform the 
ability to undergo failure of one of the actuators and still 
be able to operate. Other features of this arrangement 
are the possibility of correcting mechanical backlash and 
increase in payload carrying capacity when both motors 
simultaneously actuate the platform. 

The major drawback of this design is its limited 
maneuverability. The fact that the rear wheels have 
only one degree of freedom (rotation about their central 
axis) limits the steering operation to front-wheel 
steering only. Also, as mentioned before, it is clear that 
a failure of one of the actuators would disable the 
steering mechanism. 

The second alternative not only incorporated 
the good features in the driving system of its 
predecessor, but also gave fault tolerance capabilities to 
the steering system. The simultaneous torque 
transmission to the vertical shafts of the front wheels 
through a set of three interconnected spur gears allows 
for the actuation of only one motor to steer the front 
wheels and use the other as a back-up. However, despite 
the good features of this design, the maneuverability 
issue had not been resolved by the second design 
alternative. The rear wheels and the driving system 
arrangement although simple and efficient, continued to 
limit the platform maneuverability. 

The change in the arrangement of the driving 
system gave the platform a four-wheel steering 
capability. This made the third design alternative more 
maneuverable and fault tolerant than the others 
presented in this work. As stated before, the use of 
direct -drive actuators increases the reliability and the 
torque output of each individual motor and eliminates 
the need for gears of differential mechanisms. 

The most interesting feature of this design is 
the simultaneous steering of the four wheels. By doing 
so, any point in the horizontal plane can be reached 
following a straight-line trajectory. The obstacle 
avoidance can be done through consecutive straight line 
displacements of the platform. 



Conclusions 

This paper has presented three design 
alternatives of a fault -tolerant mobile platform for future 
construction. These designs are the basis for further 
development on the introduction of fault tolerance into 
the design of mechanical systems to achieve high levels 
of reliability in the mobile robotic systems operating 
under hazardous conditions. 
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Abstract 

This paper addresses the multisensor estimation 
problem for both linear and nonlinear systems in a 
fu lly connected decentralized sen~ing architecture. The 
sensor data fusion problem is identified and the case 
f or decentralized arhitectures, rather than hierarchical 
or centralized ones, is made. Fully connected decen
tralized estimation algorithms in both state and infor
m ation spaces are then developed. The intent is to 
show that decentralized estimation is feasible and to 
demonstrate the advantages of information space over 
state space. The decentralization procedure is then re
peated for the extended K a/man filter and extended 
information filter to produce decentralized filters for 
n onlinear systems. The four filters are compared and 
contrasted. In appraising the algorithms the problems 
associated with the requirement for a fully connected 
t opology are identified. A particular application of the 
the decentralized algorithms is control and data fusion 
f or a modular wheeled mobile robot. This is a vehi
cle system with nonlinear kinematics and distributed 
m eans of acquiring information. 

1 Introduction 

1.1 Multisensor Systems 

Many advanced and complex systems now make use 
of large numbers of sensors. Multiple sensors provide 
more information and hence a better and more precise 
understanding of a system. Moreover , a single sensor 
is not capable of obtaining all the required information 
reliably at all times in varying environments. Further
more , as the size and complexity of a system increases, 
so does the number and diversity of sensors required 
to capture its description. These are the primary mo
tivating issues behind multisensor systems. There is 
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a considerable amount of literature on the limitations 
of single sensor systems and the merits of multisen
sor systems, [10], [5] . Multisensor systems have found 
applications in process control , robotics, navigation, 
aerospace and defence systems. The advantages of 
multisensor systems include the following: 

• Failure of a single sensor does not mean complete 
failure of the entire system because the other sen
sors can continue to be used. Overlap between 
sensor domains gives the system some degree of 
redundancy. Consequently, when sensor failure 
occurs, the system undergoes graceful degrada
tion and not catastrophic failure. 

• Different types of sensors can be used to give a 
more complete picture of the environment . Thus, 
different sensor technologies can be used in the 
same application to provide improved system per
formance. 

• Erroneous readings from a single sensor do not 
necessarily have a drastic effect on the system 
since information about the same environment 
can be obtained from other sensors. This prop
erty is particularly reinforced when there 1s ex
tensive overlapping of sensor domains. 

• Geographical diversity is provided by information 
from sensors placed at different positions in the 
sensed environment. 

1.2 Data Fusion Methods 

In order for the advantages of multisensor systems 
to be realised, it is essential that the information pro
vided by the sensors is interpreted and combined in 
such a way that a reliable , complete and coherent de
scription of the system is obtained. This is the data 
fusion problem. Multisensor fusion is the process by 
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which information from many sensors is combined to 
yield an improved description of the observed system. 
Fusion methods can either be quantitative, qualita
tive or a hybrid of both. Quantitative methods are 
based on numeric techniques while qualitative ones are 
based on symbolic representation of information. Ex
amples of quantitative methods include statistical de
cision theory, identification and probabilistic theory. 
Qualitative methods include expert systems, heuris
tics, behavioural and structural modelling. Several fu
sion approaches have been developed and applications 
effected in such areas as computer vision, robotics, dif
fuse systems and process control, (1], (4]. In this pa
per fusion based on probabilistic and statistical meth
ods is employed. The work proceeds by distributing 
and decentralizing the linear Information filter algo
rithm, (10], (11], allowing communication between sen
sor nodes and local assimilation of information. The 
principal estimation technique is information filtering 
based on the Kalman filter. 

1.3 Fusion Architectures 

The taxonomy of architectures corresponding to 
different fusion algorithms can be reduced to three 
general categories: centralized, hierarchical and decen
tralized. Detailed descriptions of these architectures 
and their advantages and limitations may be found in 
the literature [3], (9]. In this section only introductory 
notes and illustrative diagrams are presented. 

Centralized Architectures 
A fully centralized multisensor system comprises a 
central processor with direct connections to all sensor 
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devices. Each of these devices obtains data about the 
environment which is forwarded to the central proces
sor . The central processor is responsible for collect
ing readings from the sensor devices and processing 
the information obtained. Figure 1 illustrates a cen
tralized fusion system. Conceptually the algorithms 
used are similar to those for single sensor systems and 
hence relatively simple. Resource allocation is easy 
because the central processor has an overall view of 
the system. The central processor makes decisions 
based on the maximum possible information from the 
system. Since the central processor is fully aware of 
the information from each sensor and its activities, 
there should be no possibility of task or fusion dupli
cation. Although centralized multisensor systems are 
an improvement on single sensor systems, they have a 
number of disadvantages. These include severe com
putational loads imposed on the central processor, the 
possibility of catastrophic failure (due to failure of the 
central node), high communication overheads and in
flexibility to changes of application or sensor technol
ogy. 

Hierarchical Architectures 
A typical hierarchical structure is shown in Figure 2. 
The principle of a hierarchy is to reduce the communi
cation and computational problems of centralized sys
tems by distributing data fusion tasks amongst a hi
erarchy of processors. In a hierarchy there is still a 
central processor acting as a fusion centre. Proces
sors constituting local fusion centres, locally process 
information and send it to the central processor. Ex
tensive use of such systems has been made in robotics 
and surveillance applications. In fact , most advanced 



Figure 3: Decentralized Architecture 

systems today are generally variations of hierarchical 
structures [7]. Although these systems have the ad
vantage of distributing the computational load, they 
still retain some of the disadvantages associated with 
the centralized model. In addition, new difficulties 
arise. These include new algorithm requirements for 
sensor level tracking and data fusion, and vulnerabil
ity to communication bottlenecks. 

2 Decentralized Systems 

2.1 Definition 

A decentralized system is a data processing sys
tem in which all information is processed locally and 
where there is no central processing site. It consists of 
a network of nodes, each with its own processing facil
ity, which together do not require any central fusion 
or communication facility. In such a system, fusion 
occurs locally at each node on the basis of local ob
servations and information communicated from neigh
bouring nodes. At no point is there a common place 
where global decisions are made. Only node to node 
communication and local system knowledge is permit
ted. 

For a decentralized data fusion (estimation) system, 
the processing node is a sensor (fusion) node which 
takes local observations and shares information with 
other fusion nodes. It then assimilates the communi-
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cated information and computes a local estimate. In 
decentralized control systems, in addition to fusion, 
the node uses the fused information to generate a lo
cal control signal. A general decentralized estimation 
system with arbitrary topology is shown in Figure 3. 
It consists of a set of communicating sensor nodes , 
none of which is central to the system. A typical sen
sor node is shown in Figure 4. The system monitor is 
used for extracting information from the system. It is 
arbitrarily located and hence no assumptions are made 
about its position in the network [14], [16]. A decen
tralized architecture overcomes many of the problems 
associated with centralized and hierarchical systems. 

2.2 The Case for Decentralization 

Fully decentralized systems have several advan
tages , in particular the following characteristics mo
tivate the work presented in this paper: 

• Modularity: As all fusion processes must take 
place locally, and no global knowledge of the 
network is required a priori, nodes can be con
structed and programmed in a modular fashion. 

• Survivability and Robustness: Since system 
performance is not dependent on any one proces
sor, it fails gracefully under node communication 
link failure . It is thus highly survivable and ro
bust . 

• Flexibility: Because no node is central and no 
global knowledge of the network topology is re
quired, the system is flexible to on line addition 
or loss of nodes and to dynamic changes in the 
network structure. 



• Extensibility: Eliminating the central fusion 
centre and anv common communication facility 
makes the svs~em scalable by reducing the lim
its imposed by centralized computational bottle
necks and lack of communication bandwidth. 

These benefits apply to both decentralized estimation 
and control systems. However, there are associated 
drawbacks. In fully decentralized systems communi
cation issues are more complex. Communication over
heads are higher than in centralized systems but less 
than in hierarchical ones. The number of processors 
required per system is higher. System monitoring is 
harder than in both centralized and hierarchical sys
tems. 

In this paper, the term decentralized has the specific 
definition given above This is not the same definition 
of decentralized used in parts of the literature. The 
term is often applied to any system comprising multi
ple estimators or controllers. Work covering systems 
described as decentralized has been published in the 
area known as Large Scale Systems (LSS) or Complex 
Systems. Large Scale Systems are defined by Ho [6] 
as a group of subsystems that are interconnected in 
such a way that decentralized operation is mandatory. 
The work in this area includes efforts to apply LSS 
ideas in such areas as economics, organisational theory 
and systems theory. The main characteristics of LSS 
are multiple decision makers, correlated but different 
information, coordination between nodes, imprecise 
models, conflict and multiple objectives. Work in LSS 
is then concerned with generating decentralized and 
distributed estimators and controllers for such sys
tems. Decentralized and hierarchical control methods 
for LSS are surveyed by Sandell and Athans [15], [17]. 
Of the work surveyed, the system which is closest to 
the definition above consists of interacting controllers 
with a central processing site. Much of the work in 
the literature concentrates on interconnected dynami
cal subsystems and deriving transformations between 
their state spaces. However, these efforts do not solve 
the problem of fusing estimates from different state 
subspaces. 

3 Decentralized Estimators 

The major advantage of information space is its ap
plication to decentralized estimation. The estimation 
and prediction equations of the information filter can 
easily be decentralized into a network of nodes com
municating simple information components. With this 
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approach the entire estimation process is carried out 
in terms of information about states and not the states 
themselves. In this section, decentralized estimation 
algorithms in information space are derived for both 
linear and nonlinear systems. The state space equiv
alents of these algorithms are also outlined in state 
space. 

3.1 Decentralizing the Observer 

The starting point in developing decentralized es
timation algorithms is to partition the observation 
model and the corresponding observation equations to 
produce a decentralized observer. A system compris
ing N sensors with a composite observation model is 
considered. The observation vector z( k) is unstacked 
into N subvectors of dimension Ni corresponding to 
the observations made by each individual sensor, 

z(k) = [z[(k), · · ·, z~(k)]T. (1) 

The observation matrix is partitioned into sub matrices 
corresponding to these observations 

H(k) = [Hf(k), · · ·, H~(k)]T. (2) 

The observation noise vector is also partitioned 

v(k) = [vf(k), · · ·, v~(k)]T (3) 

It is assumed that these partitions are uncorrelated 

E[v(k)vT(k)] = R(k) = blockdiag{R1(k), · · ·, RN(k)}. 
(4) 

As a result the sensor model now consists of JV equa
tions in the form 

(5) 

with Vj ( k) modelled as an uncorrelated white se
quence with local measurement noise covariance, 

(6) 

With this decentralized observer it is tempting to try 
to integrate multiple observations into a single esti
mate using the usual form of the Kalman filter. This 
can be attempted by applying the same gain equation 
to each individual observation as 

N 

x(k 1 k) = x(k I k- 1)+ 'I: Wi(k) [zi(k)- Hi(k)(x(k 1 k- 1))] 
i=I 

(7) 

wi(k) = P(k 1 k- l)Ht (k )S£ 1(k ), (8) 



and 

Si(k) = Hi(k)P(k I k- 1)Ht(k) + ~(k). (9) 

However, this cannot be done as the innovations be
tween different sensors at any time-step are correlated. 
The innovation covariance S( k) is not block diagonal 
and yet a block diagonal covariance would be required 
if the conventional form of the Kalman filter is to be 
decoupled. This is the reason why the conventional 
form of the Kalman filter cannot be used to obtain 
a multisensor estimate from a linear combination of 
separate observations and models. 

3.2 The Decentralized Information Filter 
(DIF) 

The decentralized observer is used with the infor
mation filter to provide a decentralized estimation al
gorithm, the decentralized information filter, DIF. At 
this stage it is assumed that each local fusion node has 
a state space model identical to an equivalent cen
tralized model. The issue of model distribution, in 
which each node maintains only a part of the global 
model is addressed in the literature, [10]. Information 
from observations, Zj ( k), made at a general node j 
is defined in terms of a local information-state contri
bution, ij (k ), and its associated information matrix, 
Ij ( k). These local information parameters are given 
by the following equations, 

and 

Consider a general network of fully connected sensor 
nodes N and let i and j be any two nodes. The algo
rithm is derived for a general node i with information 
being communicated to it from the other ( N -1) nodes 
represented by j. 

Prediction 
Each node starts by computing local predictions based 
on previous, locally determined information estimates 
and system models. The local system models are the 
same as the global ones because the system is fully 
connected, 

Yi(k I k- 1) = Li(k I k- 1)yi(k- 1 I k- 1) (12) 

z1 (k~~ FILTER 1 
(klk) 

y3 (kl7 ~ y4 (klk) 

IHFO info IHFO 

FILTER FILTER 

z3 (k)~ ? z4 (k) 

zz ( ~A Yz (klk) 

Figure 5: Decentralized Information Filter 

where the local propagation coefficient, independent 
of observations is given by, 

Li(k I k- 1) = Yi(k I k- 1)F(k)Yi1(k- 1 I k- 1). 
(14) 

Estimation 
The predictions are combined with information from 
local observations to compute partial information es
timates. These are then communicated between all 
nodes in a fully connected network. At each node, 
after communication, they are assimilated to produce 
global information estimates. 

N 

y i ( k I k) = y i ( k I k - 1) + E [y j ( k I k) - y i ( k I k - 1)] 
j=l 

(15) 
N 

Yi(k I k) = Yi(k I k- 1)+ E [Yj(k I k)- Yi(k I k -1)]. 
j=l 

(16) 
where the local partial estimates are obtained from lo
cal information predictions and information from local 
observations, 

(18) 

This is the decentralized information filter (DIF), 
Yi(k I k- 1) = [F(k)Yi 1(k- 1 I k- 1)FT(k) + Q(k)] -l [5], [8], [12]. It has an information filter running at 

(13) each node, with communication between the nodes 
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occurring before assimilation . If each node begins 
with a common initial information state estimate, (e.g, 
Yi (0 I 0) == 0, and Yj (0 I 0) == 0) , and the network 
is fully connected, then the global estimates Yi(k I k) 
and Y i ( k I k) obtained by each node will be identical. 
This implies that 

where 

Yj(k I k)- Yi(k I k- 1) ij(k) 

y j ( k I k) - y i ( k I k - 1) Ij ( k) 

Yi(k I k- 1) 

Yi(k I k- 1) == 
Yi(klk-1) 

Yj(k I k- 1) 

This simplifies the assimilation Equations 15 and 16 
to 

N 

Yi(k I k) == Yi(k I k- 1) + L ij(k) (19) 
j=l 

N 

Yi(k I k) == Yi(k I k- 1) + L Ij(k) (20) 
j=l 

vVith the same initial filter states at each node, in 
a fully connected network, the estimates obtained by 
each node are exactly the same for all nodes, and in
deed are identical to those given by an equivalent cen
tralized system [5], [12], [8]. Each node receives all 
information contributions from the other nodes and 
computes a global information estimate identical to 
that obtained by central fusion. Such a decentralized 
information filtering network is illustrated in Figure 5 
for four fully connected nodes. The DIF algorithm is 
summarised as follows: 

• Generation of local information prediction 

• 0 bservation 

• Local information update 

• Internodal communication 

• Local assimilation 

• Computation of a global information estimate 

3.3 The Decentralized Kalman Filter 
(DKF) 

For completeness, the state space version of the DIF 
is presented, the decentralized Kalman filter (DKF). 
The algorithm is an algebraic equivalent of the DIF 
and was explicitly derived and implemented by Rao 
[13] . Its main use in this paper is to demonstrate the 
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advantages of information space internodal communi
cation over state space communication. 

Prediction 
The nodal state and variance prediction equations for 
the D KF directly follow from those of the Kalman fil
ter. This is because each node carries out the conven
tional Kalman prediction steps. The system is fully 
connected, so the local models and vectors are the 
same as those in the centralized Kalman filter. Thus 
at each node i , the prediction equations are 

xi(k I k- 1) == F(k)xi(k- 1 I k- 1) + B(k)ui(k- 1) (21) 

Pi(k I k- 1) == F(k)Pi(k- 1 I k- 1)FT (k) + Q(k). (22) 

Prediction is carried out locally before communica
tion. 

Estimation , 
An outline of the DKF state and covariance estima
tion equations is IHesented. Details of their derivation 
are covered in f13] and [2]. What is of interest here is 
the nature of these equations. The update equations 
are , 

X;(k I k) = P;(k I k) { Pi1 (k I k- l)X;(k I k -1) + t e;(k)} 

(23) 

P;(klk)= [Pi
1
(klk-l)+t.E;(k)r

1 

(24) 

where 

ej(k) ~ {Pj1 (k I k)xj(k I k)- Pj1 (k I k -l)xj(k I k -1)}, 
(25) 

defines the state error information , with an associated 
variance error information given by 

(26) 

Pj1(k I k) and Xj(k I k) are the local partial estimates 
based on local prediction and local observation at node 
j. They are computed according to local Kalman filter 
estimate equations: 

Xj(k I k) = Xj(k I k -l) + Wj(k) [zj(k)- Hj(k):Xj(k I k -1)] 
(27) 

where the local gain matrix is given by, 

and the local innovation covariance is , 



The DKF algorithm is summarised as a network con
sisting of communicating nodes with a Kalman filter 
running at each node. Although ej(k) and Ej(k) are 
information variables, the data fusion process is es
sentially carried out in state space. Information is not 
formally defined and hence the benefits of information 
space are not best utilised. 

3.4 The Decentralized Extended Infor
mation Filter (DEIF) 

It is important to extend the decentralized estima
tion algorithms to deal with problems in nonlinear 
systems. This is done by decentralizing the extended 
information filter algorithm to produce the decentral
ized extended information filter, DEIF. Its derivation 
follows from that of the DIF above. 

Prediction 
Local information prediction takes place as in the DIF, 
but as in the ElF , nonlinear models and linearised 
models are used. Predictions are expressed as func
tions of these models and previous, locally determined, 
global information estimates, 

y i ( k I k - 1) = y i ( k I k - 1 )f ( k' Xi ( k - 1 I k - 1)' u ( k - 1)) 
(31) 

Yi(k I k- 1) = [Y"f:ci (k)Yi 1(k- 1 I k- 1)\i"f (k) + Q(k)] -l. 
(32) 

The local nonlinear state transition and process noise 
models are the same as in the global system. J acobians 
for the state transition model have a similar property 
since they are evaluated at the global, locally obtained, 
state predictions. These state predictions are the same 
for all nodes in fully connected topologies. 

Estimation 
The estimation and assimilation pattern is the same as 
for the DIF. However, the communicated information 
depends on linearised models and nonlinear observa
tions. These are communicated in a fully connected 
topology and assimilated as follows, 

N 

Yi(k I k) = Yi(k I k- 1) + L ij(k) (33) 
j=l 

N 

y i ( k I k) = y i ( k I k - 1) + L Ij ( k)' ' ( 34) 
j=l 

where the associated information matrix and state in
formation contribution from local observations are re
spectively given by, 

Ij ( k) = Vhx T ( k) Rj -l ( k) Vhx 
1 

( k) ( 35) 

ij(k) = vhx T(k)Rj- 1(k)[vj(k)+'Yhxj(k)xj(k I k- 1)). 
(36) 
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Vj ( k) is the local innovation, 

v1(k) = z1(k)- h1 (xj(k 1 k- 1)). (37) 

This completes an outline of the DEIF. This estima
tion algorithm is a novel result which constitutes a 
significant contribution to multisensor fusion. It pro
vides an estimation algorithm for nonlinear multisen
sor systems by using variables expressed in terms of 
information. It is easy to initialise, which is a crucial 
property where linearised models are employed. How
ever, the DEIF retains some of the drawbacks of the 
ElF. In particular, it is prone to linearisation instabil
ities. 

3.5 The Decentralized Extended Kalman 
Filter (DEKF) 

Decentralized estimation for nonlinear systems is 
completed by presenting the state space algebraic 
equivalent of the DEIF. The extended Kalman filter 
has been introduced as a linearised estimator for non
linear systems. It is obtained by a series expansion 
of the nonlinear dynamics and of the measurement 
equations. The EKF can be decentralized in the same 
fashion as the Kalman filter (in the DKF), to produce 
the decentralized extended Kalman filter, DEKF. 

Prediction 
The prediction equations of the DEKF follow from 
those of the EKF by localising computation in the 
same way as is done for the DKF. Hence, predic
tion depends on local, nonlinear and linearised system 
models, 

Xi ( k I k - 1) = f ( k l Xi ( k - 1 I k - 1)' u i ( k - 1)) 
(38) 

Pi(k I k- 1) = 'Yfxi(k)Pi(k -11 k -1)vfx T(k)+Q(k). 
(39) 

The system is assumed fully connected and local non
linear state transition and noise models are the same 
as in the global system. The state transition J aco
bians, although locally computed, are the same for all 
nodes as they are evaluated at the predicted global 
state, which is the same for all nodes. 

Estimation 
Local predictions are used to compute linearised, lo
cal partial estimates which are then communicated 
between sensor nodes and locally assimilated to give 
global estimates for the nonlinear system. The estima
tion and assimilation equations are the same as in the 
DKF. What is different is the way the communicated 
partial estimates are computed from local nonlinear 
observations and linearised local models. The entire 
estimation process is presented here for completeness 



and to clarify the computational stages involved, 

X;(k I k) = P;(k I k) { Pi1 (k I k -1)X;(k I k -1) + t. e1 (k)} 

(40) 

P;(k I k) = [Pi1 (k I k -1) + t. Ej(k)] -l' (41) 

where 

ej(k) ~ {:Pj1 (k I k)xj(k I k)- Pj1 (k I k -1)xj(k I k -1)}, 
( 42) 

defines the state error information, with an associated 
variance error information given by, 

Pj 1 
( k I k) and Xj ( k I k) are the local partial estimates 

based on local prediction and local nonlinear observa
tion at node j. They are computed according to local 
EKF estimate equations: 

Xj(k I k) = Xj(k I k- 1) + Wj(k) [zj(k)- hj(:X:j(k I k- 1))] 
(44) 

Pj(k I k) = Pj(k I k -1)- Wj(k)Sj(k)Wj(k) (45) 

where the locallinearised gain is given , 

and the local linearised innovation variance is, 

Sj(k) = Y'hxi(k)Pj(k I k- 1)Y'hx T(k) + Rj(k) . 
(47) 

4 The Limitations of Fully Connected 
Decentralization 

The four decentralized filter algorithms discussed 
above, the DKF, DIF, DEKF and DEIF allow decen
tralized estimation to be carried out. Thus, the esti
mation problem involving an arbitrary number of com
municating sensor nodes for both linear and nonlinear 
systems has been solved. By use of local observations 
and communicated information, each node is capable 
of independent local estimation without the need for 
a global observer or central processor. However, it 
is important to emphasize that for locally obtained 
global estimates to be the same as those obtained in 
equivalent centralized systems, the sensor nodes-must 
be fully connected, and a global model must be main
tained by all sensing nodes. Figure 6 shows a fully 
connected network of nine nodes. As the number of 
nodes increases severe difficulties arise. 
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Figure 6: Fully Connected Network (the limitations) 

• Communication: In a fully connected sys
tem there is excessive redundant communication. 
Nodes that need not communicate do communi
cate . For those that need to communicate, in
formation that does not need to be exchanged is 
exchanged. Consequently, there is wastage both 
in terms of number of communication links and 
size of communicated messages. In many applica
tions the communication requirements of a fully 
connected topology are difficult to meet. 

• Computation: The local models, information 
and state matrices are of the same size as those 
in an equivalent centralized system. As a result 
there is no significant reduction of memory re
quirements and computational load. There is a 
lot of redundant processing. This redundancy 
does not improve survivability, it only wastes 
computational resources. 

• Hardware Constraints: The assumption of a 
fully connected topology is, in general , unrealis
tic. This assumption is invalidated by loss of one 
or more communication links. As the number of 
nodes N increases, the number of physical links 
required by each node, N -1, and the overall num
ber of links, N(N -1)/2, increase. Such extensive 
physical connections are not easily supported in 
hardware. 

These problems affect fully connected decentralized 
estimation systems and in t his way undermine their 
practical usefulness . 



5 Summary and Conclusions 

This paper has covered multisensor systems, the 
data fusion problem, data fusion methods and archi
tectures. Multisensor data fusion methods were briefly 
surveyed and discussed. The concept of complete de
centralization was defined and the advantages of de
centralized systems discussed. This paper effectively 
extended the single sensor estimation algorithms to 
multisensor systems. This was done by firstly decen
tralizing the observer and explaining why the conven
tional form of the Kalman filter cannot be used. De
centralized estimation algorithms were then derived by 
using the decentralized observer and the information 
form of the Kalman filter. As a result, four fully con
nected decentralized estimation algorithms were pre
sented: the DKF, DIF, DEKF and DEIF. In this way, 
fully decentralized sensing was shown to be algorithmi
cally attainable. Information space is the logical place 
to decentralize, communicate and assimilate informa
tion variables. The DEIF is more practically useful 
than the DIF. It is the key contribution of this paper. 
The main drawback of the four estimation algorithms 
is the requirement for a fully connected topology. 
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ABSTRACT 

CONTROL CONSIDERATIONS IN THE DESIGN OF 
A LASER TRACKING CMM 
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Florida Atlantic University (FAU), Boca Raton, FL 33431 
E-Mail: bai@acc.fau.edu, rothz@acc.fau.edu or zhuang@acc.fau.edu 

In a laser tracking measuring system, the control objective is to minimize target tracking errors through 
adjustment of the joint angles and velocities of the two DOF tracking gimbals on which the tracking mirror is 
mounted. In the velocity loop of each gimbal DC motor, the controller is a standard P ID control card provided by the 
motor manufacture. The outer loop uses a Fuzzy Logic Controller. The main feedback signal in such control loops is 
coming from a photodetector that measures how off-centered the returned laser beam is. In this paper some control 
considerations in the controller implementation of both loops are studied. 

1. INTRODUCTION 

Laser tracking coordinate measuring systems are very accurate metrology devices for robots and machine 
tools [ 1-6]. Tracking laser interferometer systems consist of one or more interferometers and other optical 
components, a tracking mirror mounted on a two DOF gimbals, a comer cube retroreflector mounted on the moving 
target, and a photo diode that measures the off-center deviation of the returning laser beam (refer to section 2). __ 

The control objective is to minimize the target tracking error by adjusting joint angles and angular rates of 
the mirror gimbals. Each motor control system has position and velocity loops. In the outer loop, a controller 
responses to dyn~c errors measured by a four-quadrant photodiode. It sends a velocity command to the inner loop 
controller. In each inner loop, a standard P ID controller is used for motion control. This paper focuses on Fuzzy 
Logic Control (FLC) strategy for the outer loop control, and standard P ID control for the inner velocity loop. 

The paper is organized in the following manner. The operating principles of the laser tracking measurement 
system are outlined in Section 2. The control strategy is discussed in Section 3. FLC Implementation details are 
given in Section 4 and experimental results are provided in Section 5. 

2. OPERATING PRINCIPLES OF THE LASER TRACKING SYSTEM 

A schematic diagram of the servo mechanism of the laser tracking mirror currently in use at the Florida 

Motor 
Conrroller 

Figure 1. Schematic Process Description. 
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Atlantic University Robotics laboratory is shown in Figure 1. 
Two orthogonally polarized laser beams at narrowly spaced frequencies , the measuring beam and the 

reference beam, are emitted by the laser head. The reference beam is diverted to the receiver by a polarizing 
beamsplitter located on the interferometer. The measuring beam proceeds through the interferometer and the 50% 
beamsplitter and is directed by the tracking mirror to the retroreflector located on the moving target. The returning 
beam from the retroreflector goes parallel to the incoming beam and enters the 50% beamsplitter from the opposite 
direction. The beam which passes through the 50% beamsplitter is deflected by the polarizing beamsplitter and 
emerges into the receiver. If the movable retroreflector changes position. a Doppler frequency shift of ~/ occurs, 
which is then translated through interferometry to a relative displacement reading having a resolution in the order of 
magnitude of a fraction of a wavelength. The beam reflected by the beamsplitter goes to a four-quadrant detector, 
which senses the deviations of the beam from the center. The sensor outputs are the error signals that drive the servo 
systems of the two degrees-of-freedom mirror gimbals. 

If encoder readings of the two gimbals axes are measured with sufficient accuracy along with the distance 
measurement made by laser interferometers, the single-beam laser tracker is capable of performing accurate 3D 
position measurements, provided that the system is properly modeled, carefully calibrated and well controlled. The 
FAU C:Mlv1 system features three tracking interferometers to allow coordinate measuring using distance 
measurement only. 

3. STRUCTURE OF THE CONTROL SYSTEM 

The control schematic block diagram of the laser tracking system is illustrated in Figure 2. It resembles the 
one proposed in [ 6] for a vision-driven robotic system. Whenever the tracking beam hits the comer of the 
retroreflecting target, the returning beam from the target is coincident with the incoming beam to the target. No error 
signal is thus generated by the photodiode. An arbitrary target displacement causes the returning beam to go parallel 
to the incoming beam, in which case an error signal proportional to the target displacement is produced by the four
quadrant photodiode. The error signal may be preprocessed by an outer loop controller according to the Jacobean 
relationship betw&!n the returning beam off-center 2D error and the gimbal position adjustments prior to being 
mapped to the joint space of the tracking gimbals [7]. A simpler method is mentioned in section 4. An inner loop 
controller then produces proper control signals based on the desired displacement and velocity feedback of the 
gimbal angles. 

dr- Target tracking error vector 
e - Regulated beam off -center 

error vector 
de1dt- Gimbal velocity 
v - Velocity 
~ - Torque 

fuzzy 
Logic 
Controller 

I 

~. deldt Phocodiode 
Sensor 

Gimbal 
Controller 

- I 

· I Mirror
! Gimbal 

Mirror
Optics 

Figure 2. Schematic Control Structure Diagram. 

Beam 
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Target 
Dis pt. 

I 
f+ 
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The inner loop digital controller is designed assuming that the coupling effects between the two gimbals 
motors are negligible. This is always true in a slow-tracking task, needed for machine calibration. The two 
decoupled loops then become standard DC-motor single-input control system. Coupling effects, however, are 
implicitly taken into consideration in the outer loop design. 
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In the F AU system, the inner-loop control is performed by a commercially available motion controller. 
Tuning of the inner-loop PID controller was done according to the manufacturer recommended empirical procedure, 
as outlined in [9]. 

Reasons for preferring FLC in the outer loop control over a linear controller are: 
1. Several nonlinear effects in the system were not modeled explicitly. These included the photodiode 

sensor characteristics (Figure 3) and electrical interference effects in the motor driver cards (Figure 4) as well as the 
laser beam additive noise. 

2. Tuning of a FLC is more intuitive and practical for a user who may not be a controls expert. The laser 
tracking system was constructed to conduct machine calibration studies. We needed any quick control scheme, not 
necessarily optimal, that would allow us to go on with the research with reasonable accuracy. FLC proved to be a 
very convenient tool from a software development point of view. 
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In Figure 4, the outer loop is open and inner loop is closed for the same input angle command. When both 
motors (big and small) are running simultaneously, the output of the small motor is different than the output for small 
motor motiQn when running alone. 

4. FUZZY LOGIC CONTROLLER DESIGN AND IMPLEMENTATION 

The design of the. FLC followed the standard steps of defining the input and output variables, transforming 
these variables to linguistic variables, defining proper membership functions for each variable, constructing a 
number of control rules, and mapping these rules to a look-up table. Many of the above tasks were performed off~ 
line. In real time, the FLC used values of control inputs as indices to fetch a control output value from a look-up 
table. 

Adjustment and rotation of the photodiode with -respect to an axis defined by the incoming laser beam 
allows a good decoupling of the two sensor output signals. That is, the error in the x and y directions of the four
quadrant detector are sent respectively to each of the axes of the gimbals. In this way, two FLC systems need to be 
designed, one for each gimbal axis. The inputs of each FLC are the error and error rate of the target motion 
projected onto the four-quadrant detector in either the x direction or the y direction. The output is the required 
angular velocity of the respective gimbal axis that will drive ·both the error and error rate of the target to zero. The 
error rate is computed from the errors through a simple finite difference. 

To create a set of linguistic variables, 7 membership functions were used to represent each of the three 
variables: error, error rate and control (Figure 5). These membership functions are defmed as: large negative (LN), 
medium negative (MN), small negative (SN), zero (ZE), small positive (SP), medium positive(MP), and large 
positive (LP). 
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Figure 5. Membership Functions for the Error, Error Rate and Control Output. 

It was found empirically that truncated Gaussian shaped membership functions yielded smoother tracking 
performance and time response in comparison with triangular or trapezoidal functions. 

The "small" membership functions for both position and control variables were chosen to yield zero value 
at zero, which was helpful in suppressing excessive overshoots and limit cycles. 

For each gimbal axis, a set of rules was selected based on experimentation. For each error and error rate 
pair, a control vruj .. able can be chosen from the table shown in Figure 6. A total of -19 rules were constructed for each 
gimbal axis control. 

Shift 1~11 LN I MN I SN I ZE SP MP I L? I 
Ll' II SP I SP I ~ I MP Ll' Ll' I !.? I 
MP II ZE I SP I SP ~ MP Ll' Ll' I L? I 

I SP II SN I ZE I SP I SP Ll' I Ll' I L? J 
I ZE II L:r SN ZE SP MP L? 

LN SN SN ZE SP 

~t LN I LN I LN I MN SN I SN I ZE 

LN I LN 
I 

LN 
I 

LN I lfN MN I SN I SK 

Figure 6. The Control Rules Table. 

Once the look-up table was constructed, no further modifications of its structure or entries was ever 
attempted. The design parameters for the actual experimental tuning process were the input variables scale factors 
and the output control gains. The tuning of the scalar factors was first performed on a simulated model of the closed
loop system, by using MATLAB SIMULINK TOOLBOX and FUZZY TOOLBOX tools. For that purpose, each 
motor and its drive system was actually identified by using MATLAB IDENTIFICATION TOOLBOX. Figure 7 
illustrates the input and output signals used for system identification. 

For this particular case the identified model (including the inner-loop controller and motors as well as motor 
drivers) was 

G(s) = 6519 exp(-0.005s) I s(s+430.6) 
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Figure 7. The input and output of the inner loop control for system identification 

The pure time delay of 5 ms is attributed to the communication time between the PC controller and the 
motor drivers electronics box. 

Figure 8 demonstrates the agreement between the identified model simulated output and the real system 
output. 

N=4. NN={2 2 2). ARX Model 
0.2.-------..--------.-------.,.------r-------r-------, 

~.2L-------L.------1------~------'--------1-------1 

0 ~ 100 1~ 200 2~ 300 

Figure 8. Comparison between the identified model output and real system output. 

The simulation tuning process used as a reference the "best" step response obtained using a PID controller 
tuned in a method similar to that of the inner-loop P !D. Improvements over the P ID-controlled system performance, 
were obtained using the experimental tuning ideas of [1 0]. The simulated controller was thereafter applied to the real 
process, with tuning modifications, as necessary. As a tradeoff between fast response and small static steady state 
error, the FLC was designed to switch between "coarse" and "fme" modes, as shown in Figure 9. 
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Figure 9. Block Diagram ofFLC. 

S= Interpolation 
(Bilinear) 

G= Control 
Gain 

Because the output generated by the look-up table is quantized, a defuzzification step that allow a nwnber 
of rules to be active simultaneously is necessary to improve the control quality. 

5. EXPERIMENTAL RESULTS 

For experimental verifications, a target retroreflector was mounted on either a small MITUTOYO coordinate 
measuring machine, or on the end-effector of a PUMA 560 robot. The four-quadrant detector's signals were digitized 
into a Pentiwn Pc..(l 00 MHz). The projected target error values were then nwnerically differentiated to obtain error 
rates, and were jointly fed to the Fuzzy Logic Controller described in Section 4. Using error and error rate at each 
sampling interval as the indices, the position control command was computed by interpolating 4 neighboring control 
values fetched from the look-up table. This control command, scaled by a gain, was then sent to a motion controller 
to drive an individual gimbal motor. 

Currently, the sampling period of the outer-loop control is about 2 ms for a single gimbal system and 4 ms 
for a double gimbal system (inner-loop sampling period is 0.25 ms). Target maximum tracking speed is about 60 
mm per second, with the target being 2 meters away from the laser tracker. 

Figure 10 shows the step response of one of the motors. Figure 10 (a) was obtained under PID control, 
whereas (b) is for the Fuzzy Logic Control. Evidently there is little difference between the P ID control and FLC for 
the transient responses. However from a steady state error viewpoint, the FLC has superior performance than that of 
P ID control. 
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Figure 10. Closed-loop Step Response with PID Control and FLC. 
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Figure 11 (a) and (b) illustrates the steady state error by using of thePID and FLC strategies, respectively. 
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(a) (b) 
Figure 11. Steady State Noise with PID Control and FLC. 

The peak-to-peak steady state noise with FLC is about 5:1 smaller than that obtained with a PID controller. 
In Figure 11 (b). the switching from "coarse" to "fine" control occurs when the gimbal motors stop moving. In this 
way, more accurate coordinate measuring results can be obtained by using the FLC. This has been confirmed by our 
robot calibration measurement results in the F AU robotics center. 
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Trajectory Error Control of Hazard-environment Robots 

T.C. Yih, B. Burks, J. Jin and D. S. Kwon 

ABSTRACT - For a flexible robot used to retrieve 
nuclear waste in an underground storage tank, it is 
essential to maintain the trajectory errors of the robot 
within the range of safety clearance to avoid leakage 
and possible hazardous accidents due to collisions 
between the end effector and the tank walls. There are 
many factors that affect the trajectory errors. This 
paper investigates the effect of the via points number on 
the displacement error, and presents the minimum via 
points numbers for two standard trajectories: straight 
line and circular paths. 

I. INTRODUCTION 
In some industrial applications of robots, the 

destination position errors and the whole path 
errors of the end effector of a robot should be 
controlled within predefined ranges. For example, 
for a flexible robot used to retrieve nuclear waste 
inside a underground storage tank, a safety 
clearance between the end effector and the tank 
wall must be guaranteed to prevent the robot hand 
from destroying the tank wall and thus leading to 
disaster. 
Path errors of a trajectory-following robot can be 
divided into two broad categories: planning errors 
and control errors. First, planning errors occur in 
~he path ~Ianning phase and is caused mainly by 
~nterpolatton. For a digitally controlled robot, it is 
Impossible to store the entire trajectory in the 
computer memory, and few practically useful 
trajectories have a simple closed-form expression. 
Therefore, in the computer memory it is usual to 
store a sequence of via points through which the 
end effector must pass. However, most robot 
control systems require a continuous desired 
trajectory. To convert the table of via points to a 
continuous trajectory, interpolation is necessary. 

T. C. Yih & J. Jin, Florida International University, Miami, 
FL 33199; B. Burks and D. S. Kwon, Oak Ridge National 
Laboratory, Oak Ridge, TN 37831. 

-167-

Generally it · is very difficult to reconstruct the 
desired trajectory using the practical interpolation 
methods such as polynomial interpolation. As a 
result, errors between the planned path and the 
desired path arise; these errors are called planning 
errors. 

The second type of errors occur in the control 
phase and are mainly caused by system's 
nonlinearity and uncertainty. In robot 
applications, a desired trajectory is usually 
specified in the Cartesian space where the motion 
of the manipulator is easily described in relation 
to the external environment. However, path 
control is easily performed in the joint space 
where the arm dynamics are more easily 
formulated. Therefore, it is important to convert 
the Cartesian trajectory to the joint space 
trajectory using · inverse kinematics. 
Unfortunately, the mapping from Cartesian space 
to joint space is usually nonlinear. On the other 
hand, the cost-effective control of a robot is 
achieved by linear control schemes, and so the 
linearization of the nonlinear equations is 
necessary, and this usually is accompanied with 
approximate errors. Another resource that causes 
path errors is the uncertainty of robot mechanisms 
and actuators and also external disturbances. 

To deal with all of these path errors in one 
paper is not possible or reasonable. In this paper, 
we focus instead on the path errors in the planing 
phase. As mentioned above, the planning errors 
depend on not only the numbers of via points, but 
also on the particular motion being made between 
the via points, that is, the interpolation method. 
This leads to the complexity of theoretical 
analysis. The path errors of straight-line motion 
were investigated in [ 1]. A recursion interpolation 
method, based on the assumption that the 
maximum deviations occur at or near the segment 
midpoint, was developed. And the relationship 



between the displacement, rotation deviatiQ.Ds, 
and the recursion levels were illustrated. 
However, an analytic model was not provided. 
Another recursive motion algorithm to 
approximate a straight line by an arc with a given 
initial position, orientation, and maximum 
allowable deviation was introduced in [2]. As in 
the method described above, no analytical model 
was revealed. The open-loop trajectory for 
obstacle avoidance in the workspace was 
investigated in [3]-[5]. 

In this paper, the relationships between the 
displacement errors and the number of via points 
for both straight line and circle are investigated 
from the viewpoint of geometry. It reveals the 
minimum number of via points through which the 
end effector must pass so that the path errors can 
be guaranteed within the predefined boundary. It 
includes the following topics: 1) definition and 
positioning of displacement errors; 2) formulation 
of path errors and number of via points; 3) 
minimization of the number of via points using 
Lagrange multipliers method; and 4) two 
numerical results. 

II. PATH ERRORS OF STRAIGHT LINE 

Generally, path errors include displacement 
error and orientation error. This paper targets at 
displacement error. 

A. Definition of Path Errors of Straight Line 
Fig. 1 shows a straight line motion of a typical 

robot, moving from its initial position P1(xl'yl'z1) 

to the end position Pa+1(xa+l'Ya+l'za+l). Fig. 2 is an 
augmentation of a segment between intermediate 
points Pi and Pi.1• The exact and actual paths are 
represented by the solid and dashed lines, 
respectively. In Fig. 2, it is supposed that the 
maximum displacement error occurs at point P/ 
and di denotes the maximum displacement error 
from the line. Angles a. and a\ determine, 
respectively, the relative position of point P/ with 
respect to points Pi and Pi+I" It is easily found 
from Fig. 2 that when a. is equal to a'i, the 
maximum error occurs at midpoint of the line, 
and when a. is larger than a\, the maximum error 
arises near the start point Pi and vice versa. 
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For convenience of mathematical processing 
dj, a. and a.' are redefined as: ' 

JJ. = tan( aj2) 

JJ.' = tan(a'/2) 

(1) 

(2) 

(3) 
where r is the length of the line. 
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Fig. 1 A typical robot following straight-line 
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B. Number of Via Points .. usually subject to the following constraints: 
From Fig. 2, it is also not difficult to note that 

the length of the line segment is ~ia ~ ~ ~ ~u 

ri = d l cota1 + cot a') 
(4) 

Inserting Eqs. (1 )-(3) into ( 4), we have 

(5) 

When the line is evenly divided into n+ 1 
segments (with n via points), 

(n+l) ri = r 
(6) 

Combining Eqs. (5) and (6), yield, 

(7) 

The number of via points should be an integer, 
therefore the following correction should be 
performed. 

N = Integer {n} + A. 
(8) 

where the coefficient A.=O if n happens to be an 
integer, otherwise A.=l for n as a noninteger 
number. 

C. Minimization of Intermediate Points 
The task execution time of a robot is 

proportional to the number of v~a ~oint~. 
Therefore, minimizing the number of vta points IS 

an effective means to reduce the task execution 
time. Next, let us investigate Eq. (7), and c~eck 
under what conditions the number is minimum. 
Mathematically, the objective function is 

minimize (9) 

In real robot systems, the three independent 
variables ~' J..t ,and J..t1 are not infinite and are 
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I < II I < Ill 
,.... 111ia - r' - r' IIIU 

or 

Now we can see that ·this is a nonlinear 
optimization problem with three independent 
variables and six inequality constraints. 

To minimize the function n(~, J..t, J..t1
) defined 

in Eq. (8), the method of Lagrange multipliers is 
employed and an auxiliary function is formulated 
as 

where ~ (i = 1, 2, ... 6) are unknown constants 
and referred to as the Lagrange multipliers, and Bi 
(i = 1, 2, ... 6) are unknown constants as well. To 
find the relative minimum of n at certain point 
(~*, ,_.. *, J..t'*), the following necessary conditions 
must be satisfied 

afJ afJ afJ 
0 - = = = a; a!l al-l' 

afJ afJ afJ = o = = 
aAl aA2 aAJ 

(12) 

afJ afJ afJ == o = = aA4 a As a~ 



aff 

a a = 

= 

afJ 

a~ 

After expansion, 

= = 0 

= = 0 

aff -2p.p.' 
-= +A1-A2=0 
a~ t (1- p.p. ')(p. + J.L ') 

a fJ = ~ - ~ . -Bt = o a A1 r:,IDJD 

a fJ = ll - II - B~ = o a A4 max r-

aff , , 2 o -- = ll -II . - Bs = a As r IDJD 

aff , , 2 o - = ll -11 -~ = a A6 max r-

(13) 
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afJ 
-=-2Al.Bt=0 
a .a 

afJ - = -2AsBs = 0 
aBs 

a{} 
-=-2~&=0 
a& 

From the above equation set, ;*, f..t*, and J.t'* 
can be solved. Inserting them into Eqs. (7) and 
(8), the minimum value of n is obtained. Eight 
possible sets of solutions for coefficients A and Bi 
(i=1, 2, ... 6) are listed in Table 1. A solution 
space of minimized intermediate points N with 
0.001~~0.01, 0.1QJ.~0.9 and 0.1QJ.'~0.9 is 
illustrated in Fig. 3. The solution space is 
bounded within the vertices A-B-C-D-A'-B'-C'-0' 
with its top (A-B-C-D) and bottom (A'-B'-C'-D') 
surfaces constructed with constant f..t = 0.9 and J.t1 

= 0.1, respectively. 

D. Midpoint Maximum Deviation 
A special but important case is that the 

maximum path errors occur at the midpoint of the 
line. In this case, f..t = f..t', and the objective 
function, Eq. (9) is simplified as 

minimize n = ll 
2 ;(1- fJ. ) 

(14) 

And the four sets of possible solutions for 
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unknown constants A and Bj (i= 1, ... 4) become 
those listed in Table 2. Its solution surface under 
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0.001~~0.01 and 0.1St=s.0.9 is shown in Fig. 4. 

ill. PATII ERRORS OF C!RCLULAR TRAJEcrORY 

A. Definition of Path Errors of Circle 
Fig. 5 shows a typical robot which follows a 

circular trajectory with its center in O'(x
0

', y
0

', z
0
') 

and radius R. Fig. 6 is an augmentation of a 
segment between intermediate points Pi and Pi•t" 
The exact and actual paths are represented by the 
solid and dashed lines, respectively. In Fig. 6, it is 
supposed that the maximum displacement error 
occurs at point P/. Line ~-1\ is the tangential line 
of arc PjP'j at point Qi, and di denotes the 
maximum displacement error from the desired 
path. Angles ~ and a'j determine, respectively, 
the relative position of point P\ with respect to 
points Oj and O'j. It is easily found from Fig. 6 
that when ~ is equal to a\, the maximum error 
occurs at midpoint of the arc, and when ~ is 
larger than a';, the maximum error arise near the 
start point oi and vice versa. 

z 

/ 
X 

Fig. 5 Circular-path-following robot 
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Fig. 6 Augmentation of circular segment 

For convenience of mathematical processing, 
dj, ay, and a\ are redefined as: 

~ = di /R « 1 

p = tan(a/2) 

p' = tan( a'/2) 

B. Number of Via Points 

(14) 

(15) 

(16) 

& = tR (1- pp')(p + p') 
' - 2pp' (18) 

For minor deviations, bri is approximately equal 
to the length of arc PiPi•l' br, that is, 

(19) 

When the line is evenly divided into n segments 
(with n via points), 

6r=21rR/n · 

Combining Eqs. (18), (19), and (20), yield, 

4:rpp' 
n=------

?;(1- pp')(p + p') 

(20) 

(21) 

The number of via points should be an integer, 
and therefore the following correction should be 
performed: 

N = Integer{n} +A (22) 

where the coefficient A=O if n happens to be an 
integer, otherwise A=l for n as a noninteger 
number. 

C. Minimization of Via Points 
Using the same method as described in section 

II.C, let us search the minimum via points for a 
circular trajectory. In this case, the objective 
function becomes 

4:rpp' minimize n = __ ___..;.......;;..__ __ 
?;(1- pp')(p + p') 

(23) 

From Fig. 6, it is not difficult to note that the which is subject to the following constraints: 
length of line OiO\ is 

6ri = di(cotai + cota') (17) 

Inserting Eqs. (14)-(16) into (17), we have 
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r.r . >0 "=' ~.o-

P- Pmio ~ 0 
PI-p' . > 0 

!DID -

Smu- S ~ 0 
Pruax- P ~ 0 
PI • p' > 0 

IDU -

The auxiliary function{} is 

(24) 



{) = 41rppl - + A(~ _r -B 2) 
~(1- ppl)(p +pi) ~ ':! '='n.ia 1 ~ 

+ ~(~u-~-B2
2

) + ~(P-Pmia-B3
2

) 

+AiPmu -p-B/) + ~(p'-p'mia -B/) 

+ ~(p'mu -p'-B/) (25) 

The variables (S, p, p'), the Lagrange multipliers 
A. and Bi (i=l, 2, ... 6) must satisfy the following 
necessary conditions, 

afJ au afJ 
0 - = = = 

a~ ap ap' 

afJ afJ au = o = = 
aA1 aA2 a A.> 

(26) 

au au 
(){) ::11 0 

= = 
aA4 a As a~ 

= 

afJ = afJ = afJ = 0 
a& aBs aa 

After expansion, 
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au = ~ - ~ . - Bt = o 
aAl . tnJo 

au = p - p . - B~ = o a A> miD 

atJ I I 2 0 -=p-p .-ru= a As mm 

atJ I I 2 0 -=p -p-Et= a A6 max 

atJ 
-=-2AIB1=0 
a a 

atJ 
-=-2A2~=0 
a~ 

atJ 
-= -2AsBs = 0 
aBs 

(27) 



From the above equation set, ~*, J..1 * and J..l'* 
can be solved. Inserting them into Eqs. (21) and 
(22), the minimum value of N is obtained. 
Because the final expressions of the objective 
functions for both straight line and circular 
trajectories are of great similarity, the eight sets of 
solutio~s of coefficients Ai and Bi (i= 1, 2, ... 6) 
for a circular trajectory can be referred to Table 1 
by changing the symbols (~, J.!, J..l') into (s, p, p'). 
A solution space of minimized intermediate 
points, N, for 0.001~~0.01, 0.1~p~0.9, and 
O.l~p'<0.9 is shown in Fig.7. The solution space 
is bounded within the vertices A-B-C-D-A'-B'-C'
D' with its top (A-B-C-D) and bottom (A'-B'-C'
D') surfaces constructed with constant p' = 0.9 and 
p' = 0.1, respectively. 

15 

10 p'*=0.9 

Fig. 7 Solution space of circular trajectory 
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IV. CONCLUSIONS 

The number of via points for both straight line 
~d circular trajecto~ is minimized so that the 
gtven ranges of maxtmum allowable deviations 
will not be exceeded. The method of Lagrange 
multipliers is applied for the minimization of via 
points subject to the constraints made by the 
coefficients of maximum deviations. The methods 
discussed in this paper can be extended to 
minimize the via points of any functional path 
with prescribed maximum deviations. Additional 
constraints on the continuity of velocity and 
acceleration control can be added to the presented 
method. 
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ABSTRACT 
Shape memory alloy wires (SMAs) have been used for 
structural and flexible robot applications. A new 
strategy for development of a system with shape 
memory alloys wires (Nitinol) as its actuators is 
presented. It is assumed that the controller satisfies 
the forces for attenuating the motion of the building 
has already been designed. A controller is designed 
to for the SMA actautors to track the desired forces 
needed to control the motion of a robot. Since the 
model of the SMA actuator has nonlinearities, a 
robust control methodology must be used to design 
the controller for tracking the desired input forces to 
the robot. 

The Robot and The Actuators 

The robot to be controlled is not the tssue m this 
paper. The focus is on designing controllers for the 
the actuators to a robotic system. To show how this 
is done, a one link flexible robot with attached SMA 
actuators is shown in Figure 1 . 

The displacement of the tip mass can be obtained by 
using an acceleration, velocity or displacement 
measuring device and integrating the correct number 
of times. The force applied by the actuators (SMA 
tendons) can be measured by a load cell. The 
displacement signal is subtracted from the base 
displacement and the result is fed back and 
manipulated via the appropriate control law. Using 
basic control laws for the outer displacement loop, 
one can obtain the net force required on the structure. 
This force can be written as a sum of two forces 
(F Acles and FBdes). These forces are the forces that 

must be generated by the SMA tendons. Therefore, 
an inner-loop controller must be designed to supply 
heat to the SMA actuators, causing a phase 
transformation in the SMA wire, thus supplying the 
desired force. 
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SMA Actuators 

Figure 1. Augmented Flexible Robot and 
SMA Actuators 

The displacement of the tip mass can be obtained by 
using an acceleration. velocity or displacement 
measuring device and integrating the correct number 
of times. The force applied by the actuators (SMA 
tendons) can be measured by a load cell. The 
displacement signal is subtracted from the base 
displacement and the result is fed back and 
manipulated via the appropriate control law. Using 
basic control laws for the outer displacement loop, 
one can obtain the net force required on the structure. 
This force can be \vritten as a sum of two forces 
(F Acles and FBdes). These forces are the forces that 

must be generated by the SMA tendons. Therefore, 
an inner-loop controller must be designed to supply 
heat to the SM.\ actuators, causing a phase 
transformation in the SMA wire, thus supplying the 
desired force. 

A composite controller made up of an outer and inner
loop controller is used. The outer-loop (structural) 



controller (Gs) is designed based on the physics of 

the structure alone. The output of this controller is 
the applied force, needed for desired reponse of the 
structure. This force needs to be supplied by 
actuators (in this case, Srv!A wires). An inner-loop 
controller is used for the Srv!A actuators to supply the 
desired applied force more accurately. Designing a 
controller for SMA actuators will not limit these 
actuators to be used in robotic applications. It opens 
up the possibility of designing a new class of 
actuators using SMA wires for other applications. 

Figure 2 Control System Block Diagram 

The block diagram for the system described above 
can be seen in Figure 2. The tip mass displacement is 
calculated from the transfer function model of the 
structure, relating the sum of the forces and the floor 
mass displacement The difference between the tip 
mass displacement (x1) and the desired displacement 

(xd) is measured. The desired forces FAcies and FBdes 

are calculated based on the control law supplied by 
the outer loop controller (structural controller Gs). 

Each desired force is compared to the actual force 
supplied by the appropriate Srv!A tendon. Current is 
supplied to wires A and B based on control laws 
supplied by controllers GA and GB. respectively, so 

that the applied forces track the desired forces in the 
presence of disturbances h1 (x1-xd) and h2(x1-Xd). 
which are related to the strain on the wires. It is 
important to mention that because of the 1 ow 
bandwidth of the SMA actuators, only the motion due 
to the fundamental mode of the robotic structure will 
be reduced 

SMA Model and Uncertainty 

The applied force by an Srv!A actuator is a function 
of the strain, martensite volume fraction, and 
temperature of the actuator and whether or not the 
actuator is slack or taut It is assumed that the 
martensite volume fraction of the actuator is a 
function of stress and temperature only. The 
temperature of the actuator is directly related to the 
heat input to the actuator and the strain of the 
actuator is directly related to the relative 
displacement of the tip mass with respect to its 
base. In this chapter it is assumed that enough pre-
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stress is applied to the actuator for the actuator to 
remain taut. Therefore, applied force by an SMA 
actuator becomes a function of heat input and strain 
of the actuator only. This relationship is shown in 
the form of a block diagram for the Srv!A model in 
Figure 3. 

h(x 1 - xd)j 

dQn 

dt (\ __ , ____ .....,.,.._~\,_11 P(s) 

APPLIED 
FORCE ..... 

Figure 3 Block Diagram for SMA Tendons 

The model used throughout this paper, relating 
stress, strain, temperature and martensite volume 
fraction of Srv!As depends on parameters such as the 
stiffness of the actuator (D), coefficient relating 
stress to detwinned martensite volume fraction (Q), 
and heat expansion coefficient (8). These 
parameters are usually determined experimentally 
and they can vary from wire to wire. These 
parameters can vary depending on the age and 
training of the wires (Thrasher, 1991). This is a 
source of parametric uncertainty in the model. 

Another source uncertainty originates from the 
kinetics of StvlAs, which relates detwinned 
martensite volume fraction to stress and temperature 
of the Srv!A wire. CA is usually assumed to be some 

value, based on a rule of thumb used by the 
manufacturer of the wires. Also the austenite start 
temperature can be inaccurate. These are other 
sources for parametric uncertainty. 

The model describing the kinetics of shape memory 
alloys used throughout this paper is sinusoidal in 
nature. The sinusoid function of stress and 
temperature is based on tests performed by different 
researchers (Liang, 1990~ Dye, 1990). The data was 
fitted to a sinusoidal function based on a least 
squares error method. The sinusoidal model is not 
perfect and with it there is model (unstructured) 
uncertainty. This source of uncertainty is not 
addressed here, but requires further study. 

The model is put into a linear form and the 
nonlinearities of the model are also shown as 
uncertainty. Due to the sources of uncertainty 
shown above, a robust control methodology must 
be used for tracking purposes. 

Control Issues 

Shape Memory Alloys have been used for reducing 
vibration of structures as structural dampers 



(Witting and Cozzarelli, 1992) or as stiffening 
agents (Ang, 1993). Many different methodologies 
have been used for designing the main structural 
controller (Gs) (Yang. Akbarpoor and 

Ghaemmaghani, 1987). The role of these tendons 
will be to follow the desired forces, dictated by the 
main structural control law (Gs). It is desired to 

Figure 4 Closed Loop Block Diagram for 
SMA Tendons 

The actuators for the controlled system are 
nonlinear in nature. To use linear robust control 
methodologies, the models for the sensors and 
actuators must be linearized (Skelton, 1988~ 

Shahin, Meckl and Jones, 1992), or the system 
must be modeled by some identification method and 
its response bounded from above and below by 
linear systems. This also leads to more uncertainty 
in the model and the need to design a robust 
controller to handle the uncertainties in the model 
and the uncertainties in the parameters. 

The problem of designing a controller is dependent 
on the dynamics of the actuators and sensors. The 
actuators in this case are the shape memory alloy 
wires. The model for these actuators have been 
derived and are shown below (Shahin, Meckl and 
Jones, 1997). 

The model of the augmented system in state space 
form is shown here with the states being x = 

dx1 T 
[X1·Cft·TA,TB,OA,OB] , control input I and 

desired displacement X d. 

dx = f(x I x .\ 
dt ' ' dJ 

where 

(1) 

(2) 
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dx1 ..., 
f2= -2twn--- WfiXl + 

dt 
dxd ,., 

2tO>n-+ WfiXd+ 
dt 

F Acos9 A- FBcos9g 

M 

Y3:::2 + 

fl 

at:~.l[t:(O)- t:(oo)]l;sMA exp[-1;sMA ~ 
if slack 

rl 
hc\sur(T-Tamb) r2pL 

- +--

b= 

if taut 

_r2 ~+ 
r1 dt 

f2 <k(} 

fl dt 
h cAsur(f -Tam. b) _ 

fl 

r2pL 

AI'l A 

(3) 

A 

(4) 

I

Y3E2 + aArtS:O)- ~oo)]!;SMAexp[-~ 1 (S) 
if slack rl rl 

_ hcA..r(T - T amb) + I2pL 

f1 Aft B 

if tau{ -rz ~ + r 2 ~ - hcA.ur(T -T .-) + lz P L ) I 
n r1 r1 Ar1 B 

The greek letters are all functions of material 
properties and their range will be shown later on. 



By having the wires sufficiently pre-stressed. the 
tendons will always remain taut and the need for 
incorporating the slack condition is therefore 
removed. However. uncertainties still remain that 
must be dealt with. therefore a robust control 
methodology must be used. Recently. considerable 
interest has been generated in the area of robust 
control (Doyle. Glover. Khargonekar and Francis. 
1989~ Doyle. Francis and Tannenbaum. 1992~ Green 
and Limebeer. 1994). Quantitative feedback theory 
is one of these robust control methodologies. 

Quantitative Feedback Theory (QFT) is a frequency 
based robust control design technique that has 
recently been gaining in popularity (Maciejewski. 
1989; Horowitz. 1982). In this method. the 
coefficients of the polynomials describing the 
system transfer function are assumed to be within 
some range. 

sm+Clm-1 sm-1 +· · ·+ao 
P(s) =a -----'------

sn+bn-1 sn-1 + ... +bo 
(8) 

It is also assumed that the transfer function is proper 

or strictly proper (n ~ m). The coefficients in the 
transfer function (ai fori= O .... m-1. bj for j=O •... n-

1 and a) can be within a range of numbers to take 
the uncertainty into account Therefore. the transfer 
function is mapped into a template for each 
frequency. The final goal is to have the step 
response of every member of the family of transfer 
functions be within a pre-specified region. Next. 
the frequency response for the system with upper 
and lower limit of the pre-specified region step 
response is obtained. From the upper and lower 
frequency responses. the maximum range of 
allowable uncertainty at each frequency is 
calculated. Using the uncertainty templates. along 
with the a chart that relates the open loop gain and 
phase information to the closed loop gain and phase 
information (Nichols chart). a controller can be 
designed. The gains of this controller at different 
frequencies depends on the uncertainty template at 
those frequencies. By slowly moving the template 
up in the Nichols chart. calculating the difference 
between the highest and lowest gain of the family of 
transfer functions. and comparing this value to the 
maximum range of allowable uncertainty. one can 
set boundaries for which the gain of the transfer 
function needs to satisfy. For each frequency. the 
boundaries are marked for a nominal plant when the 
difference between the highest and lowest gain of 
the family of transfer functions is equal to the 
maximum range of allowable uncertainty for each 
open loop phase of the nominal plant. For the 
family of plants to have step responses that are in 
the pre-specified region. the gain of the open loop 
system must be higher than the boundaries marked. 
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I 
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The linearized closed loop block diagram for the 
desired system is shown in Figure 5. From this 
figure. one can arrive at the following relationship. 

Figure S Linearized Closed Loop Block 
Diagram for SMA Tendons 

It must be mentioned here that to reduce the effects 
of the disturbance on the system (with some 
limitations on static gain and bandwidth). 
sensitivity to disturbances must be reduced while 
tracking the desired input in the lower frequency 
range. and conversely the sensitivity is close to . . \ 
zero db for htgher frequency whtle the 
complementary sensitivity function is lowered in 
the higher frequency ranges. where tracking 
function (complementary sensitivity function) is 

P A(s)GA(s) . . . . 
defined as G and sensttivtty functiOn 

1 + PA(s) A(s) 

is defined as l Now the SMA 
1 + P A(s)G A(s) 

actuator model must be put in the form useful for 
controller design. 

Model Linearization 

When heating the wire, the only phase 
transformation that can happen is the formation 
of austenite. The stress in the wire will naturally 
rise but the effect will not be enough to stop the 
wire from becoming more austenitic. The 
relationship below to relate stress, strain, 
martensite volume fraction and temperature rates 
(Brinson, 1993). 

(10) 

Also. the relation between the amount of heat input 
to the system was shown to be (Shahin. Meckl and 
Jones. 1997): 



where cQin is considered the input to the system. 
dt 

If heat is required. it can be supplied by passage of 
current through the tendon. Assuming austenite is 
formed results in the following relationships 
(Shahin. Mecld and Jones. 1997): 

(12) 

dQ. ( saaA . [ ( _QJ~ <fi' (13) """(it= m~:p + m~sm a,&. T -TAo - cjj dt+h.,A(T-Tamb)-

~soaA sin[~(T -TAo- al]da 
2CA CAJ dt 

Now let 

T = T -Tamb 
df _ dT . (14) 

dt dt 

Substituting for stress rate (eq. 12) in equation 13 
results in the following set of differential equations: 

T = f1 (f,a,u,v) 
a= f2 (f,a,u,v) 

(15) 

where u = cQin is the control input (h~at input to 
dt 

the actuator). v = dE is the disturbance (rate of 
dt 

change of strain of the actuators). and 

_ D~sin[aAfT +Tamb -TAs- tf-)~ 
u - h AT + zc A \- A 'J v 

c e rJ>Ss.,aA . [ - cr_\1 
1 + ZCA sm aA T + T amb - T A. - c:JJ 

ft=----------~~--~z~------------~-

(16) 

where 
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and. by substituting equation 16 into · equation 12 . 
the rate of stress change (f2) becomes 

(17) 

Now the system of differential equations (Eq. 15) is 
in the form 

[ : ] = [ ~~: ~ ] r: ] + [~ ~] u + [g:} 

where 

Bl = .l, z 

F= oA 
(18) 



It must be mentioned that the only equilibrium point 
for the unforced system is when the temperature is at 
the ambient temperature. The linearized equation 
have no linear dependence on the stress. By 
knowing the range for temperature and stress, it is 
possible to bound the entries as shown below: 

All E [Au,min, Au,max] 

A21 E [kt,min, ~1\zl,max] 

Bt E[Bt,min• Bt,max] 

BzE[Bz,min, Bz,max] 

D1 E [Dl,min, Dt,maxJ 

ThE [Dz,min, Dz,max] 

This way of modeling the uncertainties not only 
takes into account the range of values of stress and 
temperature, but also to some extent takes into 
account the variability of coefficients in the 
nonlinear model and it also represents the nonlinear 
behavior of the system. This way of designing the 
controller necessarily makes the controller 
conservative, since the structure of the model 
ignored, i.e. the maximum value of A11 happens at 
the maximum value of A21 entry, but all the other 
combinations are also considered. 

The next step is to find the transfer function family 
for the range of uncertainties. The transfer function 
from the input u to the output F is: 

PF(s) = F(s) = Afus + (Az1B1 - AuBz) (l9) 
u(s) s (s -Au) 

To design a controller, more specific data about the 
nature of the actuators must be supplied. The 

-2.5 

-3 

;: -4 
< 

Temperature (Celcius) 

parameters used here for designing a controller for 
the SMA actuators to track a step input are the same 
as used in Tables 1 and 2, with an arbitrarily chosen 
initial pre-stress of 187.8 MPa, which results in a 
martensite volume fraction of 84.9 %. The initial 
stress value was obtained, by assuming the actuators 
are initially austenitic and they are slowly stressed 
until they are half detwinned martensite, 34.9% 
twinned martensite and 15.1 % austenite. This 
results in an initial applied force of 5.87 Newtons. 

Temperature range for the actuator is estimated to be 

between 25 and 55°C, to take into account 
variations in the parameters such as the austenite 
start temperature. This is a conservative estimate 
obtained from the range of temperatures usually 
obtained in these applications (Shahin, Meckl and 
Jones, 1997). The goal is to be able to follow 1 N 
of force above the initial applied force. To achieve 
this, the stress in the actuator must be raised from a 
value of 187.8MPa to 219.8 MPa It is also desired 
to keep the stress overshoot below 10%, therefore 
the stress range of uncertainty will be between 
187.8 MPa and 232 MPa. This range of uncertainty 
for the stress also takes into account the variations 
in the parameter CA Fon the stress and temperature 
ranges of uncertainty, the values of the coefficients 
in equation 18 are shown in Figures 6 through 11, 
with the corresponding frequency responses shown 
in Figure 12. The uncertainty intervals, based on 
Figures 6 through 11 can be seen below the figures. 

The frequency response for the family of transfer 
functions are obtained using MA 1LAB software and 
shown in Figure 12. In the next section, a QFf type 
controller is designed. 

240 

Slress (MPa) 

A 11E [-5.35xl0-5, -2.79xlo-5] 

Figure 6 At 1 vs. stress and temperature 
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Figure 7 A2 1 vs. stress and temperature 
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Figure 8 Bt vs. stress and temperature 
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Figure 9 Bz vs. stress and temperature 
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Figure 10 Dt vs. stress and temperature 

-186-



240 

Temperature (Celcius) Stress (MPa) 

D2E [-29373, 5351] 
Figure 11 D2 vs. stress and temperature 
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Figure 6.12 Bode Plots for the possible family of plants 

Controller Design 

It can be seen from Figure 12 that the gain 
uncertainty is less than 6db at all frequencies, but 
the bandwidth of the actuator (measured -3db from 
the static gain) is close to 1110000 rad/sec. For the 
actuators to be useful in the range of operation for 
structural controL the actuators must have a higher 
bandwidth. For that reason, a simple proportional
Derivative (PO) controller is appropriate, with high 
frequency roll-off terms so that the controller will 
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both be realizable and robust for disturbance 
rejection. 

For the system to have less than 10% overshoot and 
settling time of approximately 2 seconds, MATIAB 
software along with the QFf Toolbox was used. To 
design the controller, high gain for low frequencies, 
low gain for high frequencies and a crossover 
frequency close to the desired system bandwidth of 
0.5 rad/sec are essential. Even though the family of 
plants has a pole at the origin, the values of the 
zeroes of the family of plants are also very close to 
the origin. Therefore, another pole was added to the 



ongm for zero steady state error and higher gains at 
low frequencies . .-\ zero was added at s = -1 and s = -
0.005 for an increase in system bandwidth, and a 
double pole \Vas added at s = -10 to satisfy the 
system bandwidth and provide low gains at higher 
frequencies. After that the gain was adjusted so that 
the family of plants would satisfy the QFT bounds of 
the software. Figure 13 shows the Nichols plots for 
the compensated family of plants. It can be seen 

that the system is stable and it stays out of the 0.25 
db circle. 

The controller satisfying all the QFT bounds that 
were used to get the ~ichols plot of Figure 13 is: 

G(s )= 10 (200s + l)(s + 1) (20) 

~ 0. ls +If 
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Figure 13 Nichols Plots for the compensated family of plants 

Simulation Results 

The controller developed in the previous section 
was used with the model of the SMA actuators and 
the output was simulated using SIMUUNK software 
(see Fig. 14). Two additional constraints were added 
to the system. Since the equations used were only 
good for heating the wires. it is assumed that the 
output of the controller (heat input to the SMA 
actuator) can only be positive. Also it is assumed 
that the maximum amount of heat input to the SMA 
wires is 5k\V. This value corresponds to 25 Amps 
of input current For lower values of maximum 
allowable current, the desirable output was not 
achieved. Therefore, one can also find the amount 
of current needed for satisfying the desired 
specifications. Another addition to the system is a 
sinusoidal disturbance (strain rate) of magnitude 

0.3%sec- 1 and frequency of 1Hz. 

-188-

~ 
Clod:. To w onspace1 

Figure 14 Simulink diagram for the 
closed loop SMA actuator system 

The force response of the SMA actuator, shown in 
Figure 15, is shown to have satisfied all the design 
criteria. The response in faster than the response of 
a first order system with a settling time of 2 seconds 
and it has a lower overshoot than 10 per cent with 
the same settling time. Closely examining this 
figure, it can also be seen that the disturbance 
rejection properties of the system are excellent. 
The magnitude of sinusoidal force response due to 
the disturbance superimposed on the force response 



due to heating the actuator is barely visible. The 
closed loop system seems to rise quickly from the 
initial input force of 5.87 Newtons to a value close 
to 6.75 Newtons in less than 0.5 second. At around 
0.5 second, the applied force levels off until around 
0.7 seconds at which time, it begins to rise again. 
The reason behind the leveling off is due to the 
saturation element in heating the wire. If the 
saturation element did not exist, negative values of 
heat input would a result of the control law used, 
which is impossible when the input to the wire is 
current. This is more than acceptable for any 
application. 

72 ,----,----.----.----r----.--~ 

5.8 a!-----.:iol;-5 -----:~---:-1 ~s ----:.1------:2~.5----:! 
T.,....(S9cj 

Figure 15 Applied force by the SMA 
actuator 

woo~---r----~--~----~--~--~ 

4500 

4000 

3000 

2500 

2000 

1500 

1000 

0o~L_~o~5~~~~--~~~.5~~~===2~.5~~ 
T'""'(Secj 

Figure 16 Heat input to the SMA actuator 

Figure 16 shows the response of the output of the 
SMA controller (heat input to the actuator) as a 
function of time. It can be seen that most of the 
heating is done in the first 0.25 second resulting in 
the sharp rise in the applied force (as was seen in 
Fig. 15). If there was no saturation element, the 
amount of heat input to the system would have 
crossed 5kW after approximately 0.1 second and 
would drop below zero after 0.25 second. The 
reason behind the leveling off of the applied force 
can easily be explained by the fact that during the 
time the applied force is nearly constant, there is no 
heat input to actuator. After 0.5 second, more heat 
is supplied to the actuators, which will eventually 
result in lowering of the steady state error to zero. 
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Summary 

A strategy for controlling a robot was presented. It 
is shown that the control of a flexible robot is 
heavily dependent on the dynamics of the actuators. 
the dynamics of SMA actuator depend on parameters 
such as austenite start temperature that is uncertain. 
The model used is also based on least squares error 
methods based on data obtained by various 
researchers, making the structure of the model 
uncertain. For this reason, a robust feedback 
controller must be used. 

The goal was to design a control system such that 
when a structural controller supplies information 
about the needed amount of force, the SMA actuators 
would be able to supply the needed force. The model 
of the SMA actuator was put in a form that could be 
handled by Quantitative Feedback Theory for 
controller design. A robust controller was designed 
such that it rejected disturbances due to stretching of 
the actuators and took into account saturation in 
supplying the needed amount of heat. It was shown 
that the controller was successful in its goal and the 
actuators were able to supply the amount of force 
needed in the amount of time required. 

LIST OF REFERENCES 

Ang, A.H. S. "Safety and Performance Enhancement 
Through Structural Control", Presented at First 
Coordination Meeting of NSF Research Program on 
Structural Control, Ann Arbor, Michigan (1993) . 

Brinson, L.C., "One-Dimensional Constitutive 
Behavior of Shape Memory Alloys: 
Thermomechanical Derivation with Non-Constant 
Material Functions and Redefined Martensite Internal 
Variable," Journal of Intelligent Material Systems 
and Structures, Vol. 4 , pp. 229-242, (1993). 

Doyle, J.C., Glover, K., Khargonekar, P.P., and 
Francis, B.A., "State-Space Solutions to standard H2 

and Hoo Control Problems," IEEE Transactions on 

Automatic Control, Vol. 34, pp. 831-847, (1989). 

Doyle, J.C., Francis, B.A., and Tannenbaum, A.R., 
Feedback Control Theory, NewYork: McMillan 
Publishers, (1992). 

Dye, T.E., "An Experimental Investigation of the 
Behavior of Nitinol," MS thesis, Virginia Tech, 
(1990). 



Green, M. and Limebeer, D.J.N., Linear Robust 
Control , NewY ork: Chapman and Hall 

Publishers, (1994). 

Horowitz, I., "Quantitative Feedback Theory", 
Proceedings of the Institution of Electrical 
Engineers, Vol. 129, pp. 215-226, (1982) . 

Liang, C., "The Constitutive Modeling of Shape 
Memory Alloys," Ph.D. thesis, Virginia Tech. 
(1990). 

Maciejewski, J.M., Multivariable Feedback Design , 
NewYork: Addison-Wesley Publishing Company, 
(1989). 

Shahin, A.R., MeckL P .H., and Jones, 
J.D.,"Linearization of Shape Memory Heat Transfer 
Model Using Chebyshev Expansion," Proceedings of 
the 1993 North American Conference on Smart 
Structures and Materials, SPIE Vol. 1919. pp. 124-
130, Albuquerque, New Mexico, (1994). 

Shahin, A.R., Meckl, P.H., and Jones, 
J.D.,"Modeling of SMA Tendons for Active Control 
of Structures," To appear in the Journal Intelligent 
Material Systems and Structures, (1997) 

Skelton, R., Dynamic Systems Control: Linear 
Sytems Analysis and Synthesis , NewYork: John 
Wiley &Sons, (1988). 

Thrasher, M., "A Fundamental Characterization of 
Shape Memory Alloy Actuators for Use in a Novel 
Hand Prosthesis Design," Masters. thesis, Purdue 
University, (1991). 

Witting, A., and Cozzarelli, J., "Shape Memory 
Structural Dampers: Material Properties, Design and 
Seismic Testing", Tech Rep. NCEER-92-0013, 
National Center for Earthquake Engineering 
Research, Buffalo, NY. Prepared for National Science 
Foundation, Washington D.C. (1992) 

Yang, J .N., Akbarpoor, A., and Ghaemmaghani, P., 
"Instantaneous Optimal Control Laws .for Tall 
Buildings under Seismic Excitations", Tech Rep. 
NCEER-87-0010, National Center for Earthquake 
Engineering Research, Buffalo, NY. Prepared for 
National Science Foundation, Washington D.C. 
(1987) 

-190-

r' 



Control of Fault-Tolerant Manipulators 
Experiencing Actuator Failure 

Vittorio Monteverde and Sabri Tosunoglu 
Florida International University 

Department of Mechanical Engineering 
Miami, Florida 33199 USA 

E-mail: tosun@fiu.edu 

ABSTRACT-Fault tolerance approaches are increas
ingly becoming more popular for mechanical engineering 
applications. This paper presents the control aspects of 
kinematically redundant robotic manipulators undergoing 
actuator failure. The recovery process of the failure re
sponsive system is focused on including the phases of re
configuration, replanning, fault-tolerant controller design, 
and maintenance. Simulations are conducted on a redun
dant planar manipulator undergoing actuator failure. The 
response of the faulty system is studied and compared un
der computed-torque and sliding mode controllers. 

INTRODUCTION 

Fault tolerance is an emerging technology in mechanical 
engineering. Its concepts were first established in the area 
of computer science where they have been used exten
sively for many years. Fault tolerance is a very attractive 
alternative to conventional fault prevention and avoidance 
techniques for systems that require high reliability and 
availability. Fault tolerance describes a system that per
forms its required task even if component failures occur 
during its procedure. A fault-tolerant system is composed 
of [1 ]: 

A. Fault-Tolerant Mechanical Architecture - FT A 
B. Failure Responsive System -FRS 

The FTA provides the necessary hardware to overcome the 
effects of faulty components in the system. This mainly 
involves structural redundancies in actuation, sensing, or 
links. Redundancy in actuation deals with possibly plac
ing a dual actuator system at a joint in place of a single 
joint [2]. Redundancy in sensors involves placing at least 
three sensors in place of the usual 1 for measuring a joint 
variable such as position. At least three sensors are neces-

sary so that a voting scheme can be used to determine 
which sensor reading is faulty [3]. Redundancies in links 
involve either the introduction of parallel mechanisms in 
the structure or making a manipulator kinematically re
dundant [4, 5, 6]. This paper deals with the control of ro
bots possessing fault tolerance via kinematic redundancy. 
The FRS is divided into two subsections of which the fail
ure recovery process (FRP) is the primary focus of this 
paper as it is applied to kinematically redundant manipu
lators that experience actuation failure. The FRP is dem
onstrated in the operation of a 4-DOF redundant planar 
serial manipulator. 

FAILURE RESPONSIVE SYSTEM (FRS) 

The failure responsive system of a fault tolerant system 
consists of: 

A. Fault Detection and Identification (FDI) 
B. Failure Recovery Process (FRP) 

-Reconfiguration 
-Replanning 
-Fault tolerant controller design 
-Maintenance 

FAILURE RECOVERY PROCESS 

The failure recovery process is the second part of the fail
ure responsive system preceded by the fault detection and 
identification processes. The FDI and FRP are separate 
routines, but FDI is vital to the failure recovery process. 
The FDI process consists of first determining that a fault 
has occurred and second determining which component 
has undergone that fault [7]. This process is demanding 
but needs to be accomplished in minimal time because 
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robots can cause serious damage when operated in an error 
state. Once the error has been detected and identified, 
corrective action can begin. In the case of actuator failure, 
the failed actuator's brake has to be applied at the joint to 
stop its actions, and the recovery process reconfigures the 
robot, replans its trajectory, and overcomes the fault and 
system error. 

RECONFIGURA TION 

The reconfiguration phase of the recovery process in
volves reassigning the modeled parameters to fit the re
duced-dexterity manipulator. The n-DOF manipulator 
cannot be controlled as an n-DOF robot with a fixed angle 
at the failed joint, because torque requirements will be 
placed on that joint's actuator which it will not be able to 
supply. This will cause errors in the operation. Once the 
failed actuator is stopped by its brake, the n-DOF ma
nipulator model is switched to an (n-1)-DOF model. A 
'virtual' link is created that encompasses the adjacent links 
on each side of the failed joint as shown in Figure 1. 

Because the brake has been applied, the joint displacement 
remains the same, and so the length from the beginning of 
the first adjacent link to the end of the second adjacent link 
remains constant. This length is assigned to the virtual 
link. The format of the dynamics equations governing the 
manipulator are general and thus remain the same, except 
that the order of the system is reduced to an (n-1 )-DOF 
model with the new link assignment. The failure and re
configuration of the robot generates model errors that need 
to be overcome in the post-failure control. 

REPLANNING 

Replanning of the system strategies follows the reconfigu
ration stage as the task needs to be mapped into the joint 
space of the modified system for new joint movements. 
Three possibilities exist for the replanned trajectories after 
error propagation. The most rigorous to satisfy is to have 
the manipulator return to the failed position and then con
tinue with its operation as shown in Figure 2. This is most 
important when the path from starting end-effector posi
tion to ending position is important. This requires a recov
ery period to be defmed that will lengthen the operation 
time. The recovery period describes the time for the ma
nipulator to recover from the error state at fault identifica
tion to the failed position, from which it can resume its 
original procedure. The joint displacements are assigned a 
smooth motion from the beginning to the end of the recov
ery period. 

New Link after Failure Detection 

\ 

Mobility of Manipulator Experiencing 
Actuator Failure is Reduced by 1-DOF 

Figure 1. Reconfigured Manipulator 

Recovery to the 
Point of Failure 

fi':j ~ 
Recovery Begins 

Time 

Figure 2. Replanned Trajectory for the Reconfigured 
Manipulator 

The next most rigorous approach is to allow the manipu
lator to recover to the point-to-point original trajectory 
tracking without returning to the points it had missed due 
to the failure. In other words, the manipulator recovers 
along the trajectory. The least rigorous approach is the 
case when the trajectory is not important and only the 
starting and ending end-effector position and orientation 
are important (point-to-point motion). In this case, the 
manipulator recovers to an entirely new trajectory. 

It is important to realize that a reduced-dexterity manipu
lator has a reduced workspace and may not be able to 
compensate for its failed components and complete its 
task. Thus, in some cases, returning to the point of failure 
and continued end-effector trajectory tracking may not be 
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possible, and one of the less rigorous approaches may be 
adopted. 

FAULT-TOLERANT CONTROLLER 

Following a failure, large errors are to be dealt with that 
were accumulated before the detection and identification 
of the fault. The fault-tolerant controller uses the model of 
the reconfigured manipulator and the path generated by the 
replanned trajectory to recover the manipulator from its 
error state and to allow for task completion. The system 
shock introduced by the component failures require the 
controller to be robust to eliminate the error in a short time 
period. In this paper, the system response to actuator fail
ure and fault recovery is determined by the use of com
puted-torque and sliding control algorithms. 

DYNAMIC MODEL 

Before implementing the fault-tolerant controller, we must 
first defme a dynamic model of the system. The impor
tance of an efficient dynamic model is well documented, 
although present-day manipulators as yet do not utilize 
them due to the computational demands they pose and the 
relatively slow motion with which they move. Dynamic 
control compensates for the dynamic coupling between the 
links and the intrinsic system nonlinearities of robotic 
systems [8]. The dynamic model of an n-DOF robotic 
system is generally given as: 

r = M(q)q + C(q,q) + G(q) + F(q,q) (1) 

where r is the n input actuator torques, 
M(q) is then x n generalized inertia matrix, 
q represents the n-dimensional joint displacement vector, 
C(q, q) represents the velocity-induced inertial accelera
tion loads (centrifugal and Corio lis terms), 
G( q) represents the gravitational load terms, and 
F(q, q) represents the frictional load terms. 

COMPUTED-TORQUE METHOD 

The computed-torque method with the feedforward desired 
trajectory parameters and feedback control is given by 

r = M(q)(q d + u) + c(q,iJ) + G(q) + F(q,iJ) (2) 

where u represents the feedback control law. For PID 
control, the input is described oy 
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u = K v e + K p e + K I J edt (3) 

where M(q),C(q,q),(J(q)and F(q,q) represent the on

line calculated values. Here, e = q d - q is the vector of 

position errors, e = q d - q is the vector of velocity errors, 

and Kv, Kp, KJ are the gain matrices. 

SLIDING CONTROL 

Sliding control is derived from the variable structure sys
tem and attempts to drive the errors into a sliding surface 
(Figure 3) so that the tracking errors approach zero [9, 10]. 
Sliding control is a more robust control method than the 
computed-torque method and is therefore a good candidate 
for the control of fault-tolerant robotic manipulators be
cause component failures create large disturbances and 
may cause the system to become unstable. The sliding 
surface is selected as a function of the tracking errors as: 

Boundary 
Layer 

~· 
' X 

S=O 

Figure 3 . Sliding Surface of the Variable 
Structure System 

(4) 

X 

where AJ and .:i2 specify the response of the error dynam
ics in terms of the bandwidth or percentage of overshoot. 
Sliding control assumes that the sum of the model errors 
and disturbances is bounded by 

M-I (q){[M(q)- M(q)]q + [C(q,q)- C(q,q)] 

+[G(q)- G(q)] + [F(q, q)- F(q,q)]} + Dl < B' 

(5) 



and choosing the control law u as 

(6) 

where the gain matrix Ks is given by 

Ks = B + TJ, (7) 

the L yapunov criterion is satisfied if TJ is strictly positive, 
because this implies that S ~ 0 as t ~ oo. 

To· avoid chattering, the switching function, sgn(S), may 
be replaced by the saturation function, sat(S;p), with 
boundary layer thickness f.i [11, 12, 13]. The saturation 
function is defmed as 

ls 1 f.i 

sat(S I p) = 1 

-1 

if 
if 
if 

IS I PI< I) 
Sip>! 

Slp<-1 

MAINTENANCE 

(8) 

The maintenance stage involves monitoring the system 
performance for possible improvement of the system's 
response. A simpler control strategy can be used once the 
large errors have been eliminated. The maintenance stage 
continues once the system has fully recovered. 

SIMULATIONS 

A 4-DOF kinematically redundant planar serial manipula
tor is used with the following parameter assignments in SI 
units: M(L 1) = 10.0, M(L2) = 5.0, M(L3) = 2.0, M(L4) = 1.0; 
L(<j> 1) = 1.0, L(<j>2) = 0.6, L(<j>3) = 0.4, L(<j>4) = 0.2. The cen
ter of mass of each link is located at its respective mid
point. The joint trajectories are assigned as <j> 1(t): 55° -
60°, <j>z{t): -145°- -60°, <j>3(t): 80°- 30°, <J>it): -38.457°--
30°, governed by a smooth sinusoidal motion, in the pre
failure trajectory planning over 10 seconds. An actuator 
failure is assumed to occur at joint 4 at t = 3.9 seconds and 
FDI with braking is assumed to consume 0.3 second [14]. 
The 0.3 second is the drift period and propagation of joint 
errors occurs during that time span. At 4.2 seconds the 
manipulator is reconfigured as a 3-DOF model with recon
figured parameter assignments for the two links adjacent 
to the failed joint. The recovery period is defined as 0.5 
second and attempts to return the manipulator to the failed 
location after the drift period. After recovery to the point 
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of failure, a replanned trajectory is determined for the re
configured manipulator to follow the originally planned 
end-effector trajectory. The manipulator response is de
termined for computed-torque and sliding mode control
lers. Sliding control is used with a boundary layer thick-
ness of f.i = 0.1. Simulations revealed that the system was 
rather insensitive to small changes in the boundary layer 
thickness. Chattering is encountered when the boundary 
thickness drops below 0.00 1. 

RESULTS 

The simulation results for the period from 3.5 to 10.8 sec
onds are shown in Figures 4-12. Figures 4-7 show the 
response of the manipulator under computed torque con
trol with PID feedback. The figures show the effect of the 
PID gains on the recovery of the manipulator from failure. 
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Figure 4. Error of Joint Angles 
for PID control with (26,24,9) 
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Figure 5. Actuator torques for 
PID control with (26,24,9) 

The tradeoff of using lower and higher gains is clear in the 
figures. The lower gains of Figures 4,5 show that the ma
nipulator recovers slowly (Figure 4) but with a small im-



pulse increase on the actuator torques (Figure 5) due to the 
disturbance of failure. Figures 6 and 7 show that with in
creased PID gains the recovery time is decreased substan
tially, but the actuator torques are also increased substan
tially. Using even higher gains will allow the manipulator 
to recover yet more rapidly with higher torques but may 
also cause the system to become unstable. Also, the ac
tuator saturation limits may be reached and further failures 
may be encountered [ 15]. 
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Figure 6. Error of Joint Angles 
for PID control with (48,64,12) 
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Figure 7. Actuator torques for 
PID control with (48,64,12) 

Figures 8-12 illustrate the response of the system to the 
more robust sliding controller. Figure 8 demonstrates the 
effect of sliding control without a boundary layer. The 
system maintains stability but the torque demands are not 
acceptable as they chatter and will quickly burn out the 
motor. 

The response of the system in Figures 9 and 10 under 
sliding control can be compared to those of Figures 4 and 
5 because they require output torques in the same range. 
The system under sliding control recovers faster than the 
computed-torque controller with less maximum torque 
requirement. The output of the first actuator is about the 
same in both cases, jumping up to 132 Nm for the com-

puted-torque case and 134 for the sliding. However, the 
second joint only increases up to 58 Nm with sliding con
trol and 80 Nm with computed-torque control. 
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Figure 8. Actuator Torques with Sliding 
Control without a boundary layer 

The third joint has minor increases in its output but are 
again less with sliding control (15 Nm as compared to 23 
Nm). The error curves show that, for each joint, the re
covery is faster with the sliding controller. The recovery 
times to within 1 degree are 2.2, 6.2, and 2.2 seconds with 
PID control while sliding control responds faster and re
covers at 1.6, 2.5, and 0.8 seconds. The computed-torque 
control is better only in the maximum amplitude of the 
joint errors. The maximum joint errors for the computed
torque controller are 6.8, 35.0, and 2.0 degrees for joints I, 
2, and 3, while those for sliding control are 1 0.0, 40.0, and 
1.0 degrees. 
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Figure I2. Sliding control with (7,I2,5) but 
Ks2 = 20 and ,u = O.I 

The response of the system in Figures II and I2 under 
sliding control are similarly comparable to those of Figures 
6 and 7. In these sets, it is shown that the maximum joint 
errors and recovery times are about the same with the two 
controllers, but the sliding controller requires far less ac-

tuator torques. The sliding controller requires 140, 72, and 
19 Nm for joints 1, 2, and 3 while the computed-torque 
controller requires 160, 165, and 45 Nm. Recovery times 
are about the same for each controller in this case, but the 
maximum error amplitude is better for the sliding control
ler. The recovery to within one degree of the computed
torque control takes 1.6, 1.6, and 2.2 seconds, while that 
with sliding control takes 1.6, 2.5, and 0.8 seconds. The 
maximum error amplitudes are 10.0, 53.0, and 1.7 degrees 
and I 0.0, 50.0, and 1.0 degrees for computed-torque and 
sliding control, respectively. In this case, the sliding con
trol is clearly more appropriate. 

Thus, with both sets of comparable responses, it is evident 
that the sliding controller, being more robust, is better 
suited for the control of fault-tolerant manipulators. The 
sliding controller allows for a more rapid suppression of 
the errors due to the disturbance of failure with less torque 
requirement on the manipulator, although the peak joint 
error may be greater. Substantial errors occur in the sec
ond joint in the simulations. These are due to the high ve
locity of this joint as it travels 85 degrees during the op
eration, while the other joints travel 5 and 50 degrees. 

It should be noted that the recovery period defined as 0.5 
second is obviously not enough to recover the manipulator 
from its error state. Thus, although a recovery period of 
0.5 second has been defined, the system is not at its desired 
position at the end of the recovery period. Therefore, it is 
more desirable for the manipulator's trajectory to be repro
grammed to a new trajectory more suitable to the reconfig
ured manipulator if possible. Increasing the recovery time 
is also possible but the increased time of operation may be 
unsatisfactory and the recovery time can be different for 
different joint paths. 

CONCLUSIONS 

The fault-tolerant control of robots is a critical design issue 
that needs to be further explored. The selection of an ap
propriate control algorithm to rapidly reduce the error is 
one factor that needs to be considered for the successful 
recovery of a manipulator. The response of a simulated 
system under computed torque and sliding controllers was 
presented. The sliding controller with a boundary layer 
proved to be more effective in suppressing the errors 
caused by the occurrence of failure in a joint actuator. The 
superiority of the sliding controller in this application can 
be directly attributed to its inherent robustness. 
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Abstract 
Trajectory control of robotics manipulators is considered in 
this paper. Due to the coupled and nonlinear dynamics, robot 
control is a challenging problem. The effects of the 
complicated dynamics are more significant when the payload 
is large and time varying. Variable structure control 
methodologies are proposed in the literature to solve the 
problems encountered. High frequency oscillations in the joint 
velocities - chattering - may occur if discontinuities are 
introduced in the control input artificially to generate a 
sliding mode. A chattering free sliding mode control 
algorithm design is considered in this paper. Variable 
structure systems and Lyapunov designs are combined in the 
algorithm implemented. The controller possesses robustness 
properties of sliding mode systems. Experiments are carried 
out on a direct drive SCARA type manipulator for various 
payload configurations. A comparison of the results obtained 
with the chattering free sliding mode controller and a well 
tuned conventional PD control scheme is presented. 

1 Introduction 

The major goals in the trajectory control of robot 
manipulators are to minimize the errors generated by 
external disturbances and to cope with the various types of 
disturbing effects inherent in the robot dynamics. Due to 
the coupled and nonlinear dynamics involved, this is a 
challenging problem. Payload variations are among most 
crucial causes of control difficulty. Controllers tuned for a 
certain load condition may fail to achieve desired tracking 
performance when the payload is changed. Robotic systems 
for point welding operations with heavy work pieces carried 
by the gripper of the manipulator are typical examples 
varying payload significantly changes the manipulator 
dynamics. Controllers robust in the face of payload 
variations can solve the problem. 

Sliding mode controllers are known with their 
robustness properties. In this paper a sliding mode 
controller design is outlined for a class of nonlinear plants, 
namely, nonlinear plants which are linear with respect to 
the control input. In motion control applications, with the 
assumption that the dynamics of the actuators can be 
neglected, the plant controlled is driven by a torque vector, 
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that is by a continuous control input. Any discontinuity in 
the torque command is thus artificially introduced. This 
result discontinuous joint accelerations which are reflected 
as high frequency oscillations in the velocity. This is 
referred to as chattering in the literature [ 1]. 

The controller considered in this work is a combination 
of variable structure systems and Lyapunov designs [2,3,4] 
and possesses all robustness properties of sliding mode 
systems while avoiding the unnecessary discontinuity of the 
control and thus eliminating chattering. Neither the explicit 
calculation of the equivalent control [5,6,7,8] nor the high 
gain inside a boundary layer [9] are used. Experimental 
results with this algorithm are reported with a direct drive 
robot in [10,11,12]. 

The next section describes the derivation of the control 
law and compares this method with a classical sliding mode 
approach. Implementation results on a direct drive SCARA 
type robot are presented in Section 3. Various payload 
configurations are used to verify the robustness of the 
sliding mode controller. For comparison purposes, 
experiments are carried out for the same reference 
trajectories with a classical PD controller. Conclusions are 
given in Section 4. 

2 Design of the Sliding Mode Controller 

The control ·mechanism will be derived for systems which 
_ can be represented in the regular form. 

X I = /1 ( X 1 ' X 2 ) (1) 

x2 = / 2 (xl' x 2 ) + B2 (xl' x 2 )u + B2 (x!, x 2 )d(t) (2) 

In this state space description x
1 

E Rn-m , X
2 

E R"', 

u ER"', rank(B2 ) = m. d represents the disturbance. The 

components of the control input and the derivative of x2 are 
bounded with known bounds. The aim is to drive the states 
of the system into the set S defined by 

s = {x:cp(t)- aa(x) = a(x,t) = 0}. (3) 

Here x is - the state vector obtained by augmenting 
X 1 andx2 • rp(t) is the time dependent part of the sliding 

function o-( x, t) and contains reference inputs to be applied 



to the controlled plant. 0"
0 

( x) denotes the state dependent 

part of CT(x , t). Specifically, 
(4) 

where the matrix G2 is of rank m. 
The derivation of the control involves the selection of a 

Lyapunov function V( CT) and a desired form for V, the 

derivative of the Lyapunov function. 
The selected Lyapunov function is 

v = O"T 0" I 2. 

Therefore, 

It is desired that 

(5) 

(6) 

~? = -(}T DCT (7) 

where D is a positive definite matrix. Thus, the derivative 
of the Lyapunov function will be negative definite and this 
will ensure stability. The last two equations together lead to 

is 

o- ' (Do- + a) = 0 . (8) 

A solution for the equation above is 
(DCT +a) = 0 . (9) 

The expression for the derivative for the sliding function 

ir = ifJ- G1f.- G2(h + B2u + B2d) (IO) 

and thus, when (Do-+Cr) = 0, we have that 

u = :-- d +(G2B2 t'[~- G2!z- GJ;) + 
(II) 

(G2B2t1 DCT 
From the equations ( 10-11) above, it can be noted that 

when the part of the control input in equation ( 1I) 
designated by u eq is applied to the system, the derivative of 

the sliding function fJ will be zero. Such a control is 
termed "equivalent control" in sliding mode control 
terminology. Thus, the control input is 

u(t)=utq(t)+(G2B2 t 1 D(}. (12) 

We can see from equation (11) that ueq(t) is difficult, if 

notimpossible, to calculate. 
Considering the fact that ueq (t) is a smooth function, we 

can write from equation (12) that 
ueq(t) = u(r)- (G2B2 t 1 Do- (13) 

where 

or, using (9), 

iieq(t) = u(r)+(G2 B2 t 1cr 
where ii eq is an estimate for the equivalent control. 

Substituting equation (15) in (12), we obtain 

u(t) = u(r) + (G:B2t 1
(DCT + cr)l,=r 

(14) 

(15) 

(16) 
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Thus, the term ( G 2 B2 ) -• ( D CT + cr )1
1
=,- is used in 

updating a recursive formula for the control input. On the 
sliding manifold, u(t-) becomes the same as the equivalent 
control. 

Since the control is bounded, the saturation function is 
added to the control law above: 

u(t) = sa{u(r) + (G2B2 f 1(DCT+ a)L,-] (17) 

The simplicity and usefulness of this control law may be 
more apparent when its structure is compared with a 
conventional sliding mode controller. In the following, a 
typical classical sliding mode approach is reviewed and its 
structure is compared to the method presented in the 
previous section. 

In a classical design, the sliding function CT is selected as 
in equations (3,4). The control design starts by choosing a 
Lyapunov function. The same Lyapunov function as in the 
previous design will be selected. 

v = (} T (} I 2. ( 18) 

Thus 
V = CJTcT . (19) 

In the classical approach, the following condition is 
tried to be achieved, 

V = -aTrsign(a) . (20) 

which ensures that (19) is always negative when the design 
matrix r is chosen as positive definite. 

Equations (19) and (20) together yield 
fJ\cT + rsign(CT)) = 0 (21) 

a solution to which is 
cT + rsign( Ci) = 0. 

Taking the derivative of CT , we get that 

cr = ifJ- G1f.- G2 (f; + B2u + B2d) 

= -rsign(CT) 

u = -d +(G2 B2 t
1(ifJ- G1J;- G2/J + 

G2B2r 1 rsign(CT) 

(22) 

(23) 

(24) 

This expression reveals that the classical approach, 
unlike the one derived in Section 2, depends highly on the 
information we have about the plant to be controlled. The 
terms fi, fz, and B2 should be estimated or computed as 
accurate as possible to drive system states to the sliding 
manifold selected without causing chattering. Especially the 
term B2 , which is the state dependent component of the 
coefficient of sign( a) , can cause large amplitude 

chattering when not estimated accurately. The method 
considered at the beginning of this section allows us to use 
a rough estimate of a nominal value of B2 and still have 
chattering free control. There is no need to compute the 
terms fi, and h and thus the controller is designed with a 



minimum knowledge about the plant. This also improves 
the computational efficiency of the controller when 
implemented on a digital computer. Implementation results 
have shown that the chattering free sliding mode algorithm 
takes only twice the time required for a simple PD 
algorithm. Depending on the plant the computation of the 
state dependent terms in equation (24) can take much 
longer time. For the SCARA type manipulator for which 
implementation results will be presented, this 
computational load may be negligible. However, with 
increasing complexity of the manipulator structure, both 
modeling and computational burden appear as significant 
problems. For motion control systems with torque input, 
generally, the term ip in the control law (24) contains the 

desired acceleration. The chattering free sliding mode 
algorithm only needs the desired position and velocity and 
is easier to compute in this respect as well. 

3 Implementation Results 

The performance of the control algorithm presented in 
Section 2 is checked by experimental investigations on a 
direct drive two degrees of freedom SCARA type arm 
sketched in Fig.1. The dynamical equations of this 
manipulator are given by the following equation. 

M(q)q + V(q,q) + F = u. (25) 

In this expression q is the vector of joint angles q 1 and 
q2 shown in Fig.2. u is the torque vector applied to the 
joints, M is the inertia matrix, V is the vector of centripetal 
and Coriolis forces, F stands for Coulomb friction. M and V 
can be written explicitly as 

M(q) = (P1 + 2p3 cos(q2) P2 + P3 cos(q2)J (26) 
P2 + P1 cos(q2) P2 

V( . ) = (- q2(2q1 + qJp3 sin(q2)) 
q, q . ' . ( ) qt-p3sm q2 

(27) 

where p1 = 3.1877, p2 = 0.1168 and p3 = 0.1630. 

These values are obtained by considering the various 
mass, length and inertia parameters of the arm and the 
direct drive motors given in Table 1 in standard units. 

Link 2 

Figure 1: The direct drive arm 
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Motor I Rotor Inertia 0.267 Arm I Length 0.359 

Arm I Inertia 0.334 Arm 2 Length 0.24 -

Motor 2 Rotor Inertia : 0.0075 Arm I CG Distance 0.136 

Motor 2 Stator Inertia ; 0.040 Arm 2 CG Distance 0I02-

Arm 2 Inertia 1 o.o63 Axis I Friction 4.90-

Motor I Mass i 73.0 Axis 2 Friction 1.67-
I 

Arm I Mass i 9.78 Torque Limit 1 245.0 -

Motor2Mass ! 3.0 
I 

Torque Limit 2 39.2 

Arm 2 Mass j 4.45 -

Table 1: The dynamics parameters of the robot ann 

A detailed derivation of the dynamical model and the 
computation of the parameters pl' p 2 and p 3 is omitted here 

for sake of simplicity. 
A TMS320C30 floating point DSP based system is used 

to control the arm [13] . The user interface is on a 80486 PC 
machine. C language servo routines are compiled in this 
environment and downloaded to the DSP. Sampling times 
in the range of 50-100 microseconds can be achieved for 
simple control methods. With this speed, complicated 
control algorithms can be developed. In the 
implementations which are presented in this paper, the 
reference trajectories are calculated by the servo routine 
running in the DSP and thus the PC is by-passed. 

The NSK torque motors used on base and elbow joints 
provides position signals with a resolution of 153600 
pulses/rev. 

In the following, the chattering free sliding mode 
algorithm is applied to the control of the direct drive 
manipulator. 

The states are selected as the angular positions and their 
derivatives. 

X
1 

= q , (28) 

X 2 = q. (29) 

Then the following state equations are obtained. 

xi = x2' (30) 

X2 =q=M-'(xJ[u(t)-V(xpx2 )-F] (31) 

X2 =-M-1 (X1 )[V(xl' x;:) + F] + M-1 (xJu(t) (32) 

These expressions are of the form given in equations (1) 
and (2). A quick inspection of equations (30) and (32) 
shows that for the dynamics of the direct drive robot 

J;(xl'xz>=x2 , (33) 

J;(xpx2 ) = -M-1(x1 )[V(x1'x2 ) + F] (34) 

and 
(35) 



The design of the sliding surface is presented below. 
From equation (3), with the selection of state variables as in 
(28) and (29), we get 

(j = rp(t)- cra(q,q). (36) 

The ·time dependent part of the sliding function is 
chosen as 

(37) 

where q a is the desired position vector. Hence, with the 

definition in equation ( 4 ), it can be noted that a is a 
function of position and velocity errors. With the definition 
of position error 

e=(::) =qd-q , (38) 

the following expression can be obtained for the sliding 
function a. 

o-(x,t) = (;:) = G,e+Gi. 

The matrices G1 and G 2 used in this design are 

y 

(jl = 0 

·· ... 

····· ... 

= (e11 0) Gl ' 
0 e22 

G, = (~ ~). 

Figure 2: Joint angles 

·. 
·· . .. 

Figure 3: Sliding smfaces. 

.. · 

X 

(39) 

(40) 

(41) 

-201-

Where ell and e 22 are positive constants. Equating (39) 

to zero, with equations (40) and (41), it can be noted that 
the sliding surface in the four-dimensional state space can 
be identified by two independent sliding lines in two
dimensional phase planes (Fig.3). The slopes of these two 
lines are -e11 and - e22 , respectively. 

From equations (35) and (41) we get that 
(G

2
BJ-1 = M(q). (42) 

Hence, the following control rule is obtained from 
equation (16) with a nominal inertia term Mn 

u((k + 1)T) = u(kT) + K M,.(Dcr + a)t=kT .· (43) 

Here, T is the sampling time, K is a diagonal gain 
matrix with positive entries used for tuning and D is 
chosen diagonal as well. 

(
K 11 

K= 
0 

(44) 

(

dll 
D= 

0 
(45) 

The diagonal entries of the nominal inertia matrix are 
calculated from equation (26) with both joints at the zero 
position. The off-diagonal entries are taken as zero in order 
not to introduce unnecessary coupling effects which could 
be significant in the case of modeling errors. 

The sampling time T used is 1 ms. In discrete time the 
approximation below is used for the derivative of the 
sliding function. 

d(kT) ~ cr(kT)- cr((k -1)T) (46) 
T 

The control parameters used in the implementation are 
e11 = 70, e22 = 50, d11 = 0.25, 
d22 = 0.5, kn = 0.15,k22 = 0.7. (47) 

In order to obtain a basis for comparison, a conventional 
independent joint PD scheme is designed and implemented. 
With the definition of position error vector e in (3 8), the 
control vector is computed as 

(48) 

where 

(49) 

and 

(
Kdl 

K = 
d 0 (50) 

The sampling time used in the PD algorithm is 1 ms as · 
well and the values for the gains used in the experiments 
are given below. 



Kp 1 = 20.8, Kp 2 = 32.1, Kd1 = 0.2, Kd2 = 12 . (51) 

For experimental investigations, the reference 
trajectories shown in Fig.4 and 5 are used for the two joints. 

Figure 4: Reference position curve for the base. 

Figure 5: Elbow position reference. 

As can be seen, the demanded trajectories are quite fast, 
around 1.5 rad/sec. A sinusoidal reference is applied to the 
elbow joint to test the performance on fast varying 
trajectories. The peaks of the elbow position reference curve 
are the most demanding portions of the trajectory. The 
position errors at these peaks will be plotted versus the used 
payload for both of the sliding mode and PD algorithms. 

Experiments are carried out with various payload 
configurations. Typical results are plotted in figures 6-13 
with a payload of 4.5 kg. Figures 6-9 show the 
experimental results obtained with the PD controller. The 
deign parameters given in (51) are tuned ones, tuned for a 
small steady state error and a fast response. Due to the high 
gains that had to be used to ensure a small steady state 
error, there exists considerable amount of activity, 
especially in the control signal of the elbow joint. 

The experimental results obtained with the novel sliding 
mode control algorithm with 4.5 kg payload are presented 
in figures 10-13. As can be seen, the control signals are 
chattering free for both joints and the tracking performance 
of the sliding mode controller is significantly better than 
the PD algorithm. This has been the case with other 
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payload configurations as well. Experiments are perfonnect 
with 0, 2.0, 3.25, ~ . 5 , 5.75, 7.0, 9.25 kg payloads. 
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Figure 6: Base position error with PD control. 
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Figure 7: Elbow position error with PD control. 
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Figure 8: Base control with the PD method. 
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Figure 9: Elbow control with the PD method. 
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Figure 10: Base position error with SM control. 
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Figure 13: Elbow control with the SM method. 
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Figure 14: Elbow peak errors with the PD and sliding mode 
algorithms plotted versus payload. 

Figure 14 shows the payload-elbow peak error relation 
obtained with two control methods. It is observed that the 
errors with the sliding mode control method rise with a 
milder slope when compared with the PD controller. This 
justifies the robustness of the sliding mode controller. 

4 Conclusions 

The implementation of a chattering free sliding mode 
controller for the control of a two axis experimental 
manipulator is presented in this paper. The experimental 
results obtained for considerably fast reference trajectories 
indicate that the algorithm is a good candidate for control 
applications. The method is computationally effective and 
easy to implement. Minimum amount of information about 
the controlled plant is required for the design of the 
controller. Unlike the conventional sliding mode 
controllers, the resulting control signals are smooth . . The 
possibility of exciting unmodeled dynamics is thus 
eliminated. The tracking performance is better than a well 
tuned PD controller. Experimental work shows that the 
performance dependence upon the payload for the sliding 
mode controller is much less than it is with the PD method. 
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Abstract 
Robotic hand/eye calibration is the process of 

identifying the fixed, yet unknown, position and 
orientation of a sensor mounted on the robot end-effector 
with respect to the robot hand coordinate frame. The 
problem investigated in this paper is a special case of the 
hand/eye calibration problem, in which the sensor is 
mounted on an electronic assembly robot such as a 
SCARA arm. Existing methods for robotic hand/eye 
calibration are not capable of handling such a system 
configuration; yet this configuration is by far one of the 
most popular ones in manufacture applications. 

It is proven in this paper that in the case of 
camera-equipped electronic assembly robots, up to five 
parameters (three rotation and two position parameters) 
in the hand/eye matrix can be determined. However, it is 
shown that in order to measure relative poses of the 
hand-mounted sensor, one needs only to know these five 
parameters. Linear and iterative methods are proposed 
to estimate the five relevant parameters. Simulation and 
experimental studies confirm the effectiveness of the 
methods. 

I. Introduction 

A. Problem Statement 
Robotic hand/eye calibration is the process of 

identifying the fixed, yet unknown, position and 
orientation of a sensor mounted on the robot end
effector1 with respect to the robot hand coordinate frame. 
Mathematically, the hand/eye calibration problem is 
equivalent to solving a system of matrix equations of the 
form, 

AX=XB (1.1) 

where A is the 4x4 homogeneous transformation of the 
robot end-effector (hand) from its ith to (i+ 1)th position, 
B is the homogeneous transformation of the sensor also 

from its ith to (i+1)th position, and X is the unknown 
homogeneous transformation from the robot hand 
coordinate frame to the sensor coordinate frame. 

1 In this paper, "end-effector" and "hand" are 
interchangible. 

The problem investigated in this paper is a special case 
of the hand/eye calibration problem, in which the sensor 
is mounted on a electronic assembly robot such as a 
SCARA arm (refer to Figure 1.1). Another popular 
configuration of electronic assembly robots is PPPR. 
By electronic assembly robots we restrict our discussion 
to the case that the end-effector of the robot has three 
translational degrees of freedom and one orientational 
degree of freedom. It is assumed that the sensor and the 
robot are calibrated in advance therefore their inaccuracy 
is negligible. The objective is to determine the hand/eye 
matrix X that relates the sensor coordinate frame to the 
tool frame in the robot. 

It is well known that more than one equation of 
the form (1.1) is needed for a unique solution of X. 
Assume that two measurements are available, one 
obtains 

i = 1, 2 (1.2) 

It is not difficult to solve X from (1.2) when the end
effector of the robot possesses more than one 
orientational degree of freedom. Difficulties arise, 
however, whenever the end-effector of the robot has only 
one orientational degree of freedom, like most electronic 
assembly robots. One may not be able to find all the 
unknowns in the hand/eye matrix X in this case. 

A number of approaches have been reported in the 
literature for hand/eye calibration [1-11]. 
As was observed in the literature, the unknown matrix 
X cannot be completely determined whenever the robot 
lacks a sufficient number of orientational degrees of 
freedom. With the linear approaches given in [1-5], one 
can only determine two parameters in the unknown 
rotation matrix and two parameters in the unknown 
position vector. 

In this paper, it is shown first that whenever the 
end-effector of the robot has only one degrees of 
orientational degree of freedom, one is able to determine 
a maximum of five parameters, three rotation parameters 
and two position parameters of X. Linear and iterative 
methods are then proposed to solve for these five 
parameters. 

-205-



Figure 1.1 A Sensor is Mounted on a 
SCARA-type of Robot 

II. Preliminaries 

(2.2) 

where the rotation matrix R is fixed whenever k A is 
fixed. 

Proof: From [13], any rotation matrix can be written 
in the form given by (2.2), where 

R = Rot(x, -a)Rot(y, {3) (2.3) 

The angles a and f3 are functions of k A only. If k A is 
fixed, the rotation R is also fixed. 0 

Equation (2.1) can be rewritten as 

RB =RxTRARx 

PB=RxT[(RA -/)px +pA] 

Substituting (2.2) into (2.4b ), yields 

Let 

(2.4a) 
(2.4b) 

(2.5) 

(2.6) 

Equation ( 1.1) can broken into the following Equation (2.5) becomes 
equations 

RARx =RxRB 

RJ1x +pA =RxPB+Px 

(2.1a) 
(2.1b) 

p 8 = R xT[R(Rot(z, m) -l)t + p A] (2.7) 

The following fact is obvious now: 

where R x and p x are the 3x3 rotational and 3x 1 position 
parts of x, respectively. Similarly for RA, RB, p A and Lemma 2. 2: If k A is fixed during the measurement 

process, then at most five independent parameters of X 
PB· 

Traditionally, R x is solved first from a system of can be uniquely determined. 

equations of the form C2·1a), and P x is thereafter found Proof: We note that the third column of the coefficient 
from a system of equations of the form (2.1 b). Let R A 

be expressed as an angle of rotation m around an arbitrary 
axis of rotation k A; that is, R A = Rot(k A, m). If the 
rotation axis k A never changes as the robot changes its 
joint configurations, one can only solve up to two 
independent parameters of R x from a system of equations 
of the form (2.1a). Likewise, only two components of 
p x can be determined from a system of equations of the 
form (2.1b). We examinethe solvability ofp 8 from 
(2.1 b) more closely in the following lemmas. 

Lemma 2.1: The matrix RA can be decomposedinto 
the following form, 

matrix R xTR (Rot(z, m) - /) is identically zero. Therefore 
t , the third component of t, can never be identified, z 
regardless of how many measurements are taken. This 
reduces the maximum number of identifiable parameters 
of X to five. 0 

The following comments can be made by focusing 
the discussion to the case of a sensor mounted on the 
hand of a SCARA robot: 

1. Since an electronic assembly robot possesses only 
one orientation degree of freedom. In such a case 
the rotation axis of R A never changes; therefore, 
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not all the components of the position vector can 
be uniquely determined. 

2. Equation (2. 7) is independent of tz. This implies 
that in order to measure the relative displacement 
of the sensor, the knowledge of tz is not required. 
After R x• tx and ty are calibrated, one can use 
(2.6)-(2.7) to compute the . matrix B once the 
robot displacement is provided. 

III. A Linear Solution Algorithm 
In the this and the next section, we present 

solutions for Rx, t and t . In this section, a linear 
X y 

solution to the hand/eye calibration problem is derived, 
along with a discussion about the uniqueness of the 
solutions. Implementation issues are also discussed at 
the end of this section. 

A. The Linear Algorithm 
When the rotation axis k A is fixed, two 

independent parameters of the rotation matrix R x can be 
determined from a system of equations of the form 
(2.1a). After these two parameters are found, the 
remaining parameter of Rx as well as the two position 
parameters tx and tv are computed from a system of 
equations of the form (2.1 b). The detailed solution is 
given next. 

Let k 8 ·be the rotation axis of R 8 . Based on [1], 
the rotation angles of both RA and R 8 must be equal. 
The following lemma is useful: 

Lemma 3.1: The matrix 

(3.1) 

RRot(z, m)RTR x = R xRRot(RTk 8 , m)RT (3.3) 

By using the definition of Z, the lemma is proven. [] 

Let 

From (3.2), 

Or, 

Theorem 3.1: If w * 0, then the vector z3 can be 
uniquely solved from (3.4). 
Proof: refer to [15]. 

Mathematically, z3 is the eigenvector of 

Rot(RTk 8 , m)T associated with the largest eigenvalue of 
the matrix. After z 3 is obtained, the next task is to 
determine the remaining three parameters in the 
unknown transformation. 

Let 

Z = Rot(z, ¢J )Rot(y, 8)Rot(x, If/) (3 .5) 

The angles e and 1f1 can be uniquely determined using z 3 . 

Moreover, 

Rx = RZRT = RRot(z, (/J)Rot(y, 8)Rot(x, lji)RT 

Let 
satisfies the following equation: 

Rot(z, w)Z = ZRot(RTk 8 , m) 

v = [vx, Vy, v.:Y= Rot(y, e)Rot(x, lfi)RTPB (3.7) 

(3-
2

) Equation (2.4b) can then be written as 

where z = [0, 0, 1]T. 
Proof: Equation (2.la) can be rewritten as 

Let 

(3.8) 

Substituting RA = RRot(z, m)RT (refer to Lemma 2.1) By using (2.2) and (2.6), 
into the above equation yields, 

RRot(z, w)RT R x = R xRot(R RTk 8 , m) 

Because Rot(Rz, m) = RRot(z, m)RT [1], 

Rot(z, ¢J )v = (Rot(z, m) - l)t + u (3 .9) 

Let c¢ = cos¢, s¢ = sin¢, em = cosm and sm = 
sinm. In (3.9), there are three unknown independent 
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parameters { ¢, tx, ty} but only two relevant scalar 
equations; therefore, at least two measurements are 
needed for a unique solution of the unknowns. Let the 
subscripts 1 and 2 denote the first and second 
measurements. One obtains the following equation: 

vxl -Vyl C(t}-1 -Sffi c<J> uxl 

Vyl Vxl S(O C(t)--1 s<J> Uyl 

0 0 = 
Vxi-Vx2 Vy2-Vyi -tx uxz 

Vvi-Vv?. Vri-Vr? 0 0 -t uvz 

In (3.10), c¢' and s¢ and are not independent. 
However, as long as the scalar equations are consistent 
and the coefficient matrix in (3 .1 0) has a full rank, there 
is a unique solution for (3.1 0). After tx, ty, cifJ and sifJ are 

obtained, ifJ can be further determined by ifJ = Atan2(s¢J, 
c¢'). 

We face difficulties in determining the rank of the 
coefficient matrix in (3.10) when the robot motion is 
arbitrary. Let us investigate first the uniqueness of the 
solution for tx, ty, c¢' ands¢ by restricting the motion of 
the robot in the following two special cases. The vector 
v varies whenever the end-effectorof the robot changes 
its position. On the other hand, the angle m varies 
whenever the end-effector of the robot changes its 
orientation. 

Theorem 3. 2: If p 81 = p 82 = p 8 ':I= 0, a unique 

solution for tx, ty, cifJ and s¢ exists from (3.10) if and 

only if m1 - ~':I= 2kn, fork being an integer. 

Proof: v 1 = v 2 becausep 81 = p 82 = p 8 . Subtracting 
by the first two rows of the coefficient matrix in (3 .1 0) 
from the second two rows yields, 

vxl -vyl cm1 - 1 -j 

Vyl vxl SliJl cm1 

0 0 CliJ2- 1 -j 

0 0 sm,., C(i),. 

Let r 1 and r2 be respectively the first and second rows of 

Rot(y,8)Rot(x, IJI)RT. The determinant of the upper-left 
2x2 submatrix of the above matrix is (r1 Tp 8 )2 + (r2Tp 8 )2 

(in this derivation, (3.7) has been used), which is 
nonzero as long asp 8 is nonzero. This is becauser1 and 
r 2 are mutually perpendicular unit vectors. Therefore, 

the two additive terms cannot be simultaneously zero. 
Moreover, the determinant of the lower-right 2x2 
submatrix can be written as 2(1 - cos(m1 - ~)). This 

determinant is nonzero if and only if m1 - mz ':I= 2kn. 

Finally, the coefficient matrix is invertible if and only if 
the determinants of the two block-diagonal matrices are 
nonzero. This completes the proof of the theorem. [] 

Theorem 3. 3: If ltJt = ~ = m ::1= 2kn for k being an 

integer, then a unique solution for tx, ty, c¢' and s¢' exists 
from (3.1 0) if and only if p 81 ':I= p 82 . 

Proof: Similar to the proof of Theorem 3.2. 

Based on Theorems 3.2 and 3.3, it can be 
conjectured that as long as the sensor changes both its 
position and orientation in the two measurements of B, 
one is able to compute the unknown parameters uniquely 
from (3.10). Extensive simulation studies confirmed 
this. 

After ¢ is found, the rotation matrix Z is obtained 
from (3.5), because the other two rotation angles have 
been obtained in the previous computation. The 
unknown matrix Rx is then computed using (3.1). 
Since one can never identify tz, it can be set to zero. 
The position vector p x is then computed from (2.5). 

B. Least-Squares Implementation of the 
Linear Algorithm 
For a real-would application, we normally collect 

more than the necessary number of measurements to 
reduce measurement uncertainties in a measurement 
process. To this end, we discuss least-squares 
implementation of the hand/eye calibration algorithm. 

In the following stages, least-squares-based data 
fusion needs to be performed: 

(a) The rotation R obtained from (2.2) 
Assume that R i is the estimated rotation R using 

the ith measurement R Ai" R i can be determined from 
(2.2). After Ri, i = 1, 2, ... , m, (wherem is the number 
of measurements) are available, the least-squares estimate 
of R can be computed as follows. Let 

m 

Ct=L Ri (3.11) 
i= l 

And let [Uh DI> V d denote a singular value 
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decomposition of cl such that cl = 
[16] 

U1D 1 V 1T. Then 8x = ~(8R x), where ~(N) picks the three nontrivial 

(3.12) 

(b) The vector z3 obtained from (3.4) 
From (3.4), RRBTRTz 3T = z 3T. Let RBi denote 

the sensor rotation obtained from the ith measurement. 
Let 

(3.13) 
i= l 

And let [V2 , Dz] denote an eigenvalue-eigenvector 
decomposition of C2 such that C2V2 =D2C2. Thenz 3 is 
the eigenvector of C2 associated with its largest 
eigenvalue. 

elements in a skew symmetric matrix N to form a 
vector. That is, ~(N) = [n32, n13 , n21 ]T, where nij is the 
ijth entry of the matrix N. By this notation, dRx = 
Rx08Rx. Rearranging (4.1) using this relationship 
yields 

I- RB T RxorRA Rxo = RBT 8RxT RxorRA Rxo + RBT 

Rx0TRA Rx08Rx (4.2) 

where I is a 4x4 identity matrix. After some algebraic 
manipulation, ( 4.2) can be reduced to 

where 8B is clearly a computable orientational error 
(c) The unknowns tx, ty, c¢ and s¢ obtained from vector. Equation ( 4.3) is a differential error model that 
(3.10) relates the error in the sensor orientation to the 

In the case m > 2, the least squares solution is a orientational error in the unknown hand/eye matrix. 
straightforward extension of the exact solution. Next, let us derive the positional error model. 

IV. An Iterative Solution Algorithm 
With an iterative procedure, the solution obtained 

by the linear algorithm may be improved. The Gauss
Newton [17] method for solving nonlinear least square 
problems has the advantage of fast convergence in the 
neighborhood of a solution. Modifications of this 
algorithm can be found in [18, 19]. To be able to apply 
such a nonlinear least squares algorithm, the following 
issues need be considered: cost function, initial 
condition, error modeling and updating rule, and 
convergence criterion. 

For the problem at hand, the solution computed 
using the linear algorithm in the last section can be used 
as an initial condition for the iterative procedure. 
Because the linear solution is very close to the optimal 
solution, the iterative algorithm can converge rapidly. In 
this section, we concentrate on the derivation of an error 
model for the iterative solution of (2.4). 

Let us assume that the initial conditions of the 
unknown quantities are known. Perturbating (2.4a) 
yields, 

whereRx0 denotes the initial condition of Rx. Let 8Rx 
be a skew symmetric matrix corresponding to the 
orientational error vector of Rx (denoted by 8x); that is, 

Perturbating (2.4b) yields, 

p B - Rx0T{ [R(Rot(z,co)-l)t 0+pA]} = 

dRxT[R(Rot(z,co)-l)t 0+pA]+Rx OTR(Rot(z,co)-l)d (4.4) 

where t 0 is the initial condition of the vector t. defined 
in (2.6). Let cp 8 denote the left-hand-side of (4.4); and 

let !2(8) be a skew-symmetric matrix such that ~(.Q(8)) 
= 8, where 8 is a 3x 1 vector. Then ( 4.4) can be 
rewritten as 

cp B = -8RxRx0T[R(Rot(z, co) -l)t 0 + p A] + Rx 

OTR(Rot(z, co) -l)d (4.5) 

where d = [dtx, dty, O)T. Equation (4.5) is the 
differential error model that relates the error in the sensor 
position to the rotational and translational errors in the 
unknown hand/eye matrix. 

Denote 
HM=:(/-RBT) (4.6a) 

Hpo = .Q {Rx OT[R(Rot(z, co) -l)t 0 + PA]} (4.6b) 

Hpt = R x orR (Rot(z, co) - I) (4.6c) 

We have the following differential error model for the 
estimation of 8x and d , 

(4.7a) 
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(4.7b) 

The task is now to iteratively minimize the least 
squares errors by choosing the parameter error vectors ox 
and d (totally five unknowns as dtz = 0). Once these 
error vectors are estimated, they are used to update the 
hand/eye matrix X. This process continues until certain 
terminate conditions are satisfied. 

V. Simulation and Experimental Results 
A. Simulation Results 

The proposed algorithms were tested numerically 
and experimentally. For the numerical simulation, 
various samples of X and A i are generated from which 
B i can be computed. Fifty X were randomly chosen. 

The components of p x were kept in the range [- 0.5m, 
0.5m]. For each X, up to 30 "measurements" are 
computed. That is, the homogeneous transformations A i 

(i = 1, 2, ... 30 for each X) were randomly selected with 
constraints that the norms of p A were in a range of [-
0.5m, 0.5m] and the axis of rotation of RA was fixed. 
The homogeneous transformations B i were solved from 
Bi =X- 1AiX. 

Both the linear and the iterative algorithms were 
extensively tested in the simulation. If measurement 
noise is not injected into the system, both algorithms 
produce correct results for all the attempts. 

To simulate a real system, measurement 
uncertainties were modeled as uniformly distributed 
random numbers added to both the rotation axes and 
angles as well as the position components of A i and B i· 

Different types of noise intensity were tested. The 
Euclidian norms of di and oi were used to define the 
position and orientation errors of X; that is, the 
deviation of an estimate from the true position and 
orientation. Means and standard deviations of lldill and 

lloill were computed for each set of measurements from 
all 50 samples of X, providing essentially the first two 
moments of the ensemble statistics. 

The performance of the algorithms is illustrated 
by Figures 5.1-5.2, where only the mean values are 
given as the standard deviations follow a similar trend. 
Simulations consistently showed that the iterative 
algorithm produced better results than the linear 
procedure. 
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Figure 5.1 Simulation Result One 
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Figure 5.2 Simulation Result Two 
Orientation noise intensity: U[-0.0001, 0.0001] rad, 
position noise intensity: U[ -0.0001 0.0001] meter, 

U[*, *]: uniform distribution, unit for orientation error: 
radius, unit for position error: meter 
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B. Experimental Results 
The experimental system consisted of a 4-DOF 

Intelledex robot, a hand-mounted CCD camera, a 25 mm 
lens, an IBM-compatible personal computer, an ITEX 
video imaging board with its · driver software, and a 
camera calibration board (refer to Figure 1.1). 

The camera was calibrated apriori in order to 
obtain pose measurements of the sensor. Readers are 
referred to [20,21] for details on the camera calibration 
technique used in these experiments. The CCD camera 

used has 510x492 pixels having a 8.8x6.6 mm2 sensing 
area. The camera calibration board is a glass plate painted 
with vapor deposited metallic chromium. The board 
layout consists of 10x10 dot array points with center to 
center distance of 10 mm, and diameter (of each point) of 
2 mm. The flatness of the calibration board is within ± 

0.003 mm and the center to center accuracy of the 
calibration points is within ± 0.002 mm. The distance 
from the camera to the calibration board at its center 
position was about 110 mm. The field of view was 

about 40x30 mm2. The algorithm given in [20,21] was 
employed to compute the camera models. The 
measurement accuracy of the camera after calibration was 
about 0.00003 meter. 

Lenz and Tsai' s pose measurement strategy 
[22, 16], was applied to collect robot poses by the 
monocular camera. The robot was then calibrated with 
the technique reported in [ 14]. The position and 
orientation accuracies of the robot after calibration was 
about 0.0001 meter and 0.001 rad. 

After the robot was calibrated, the hand/eye matrix 
of the robot was calibrated using the techniques given in 
this paper. Fifteen poses were collected for the 
verification purpose. The verification result is given in 
Figure 5.3. From the figure it can also be seen that on 
the whole, the iterative algorithm outperforms the linear 
algorithm. 

VI. Concluding Remarks 
About nine years ago, Tsai and Lenz pointed out 

that to be able to use robot-camera systems efficiently in 
a manufacturing environment, the robot, the cameraand 
the hand/eye have to be calibrated. They then devised 
methods for calibrating a camera [20], a robot [22] and a 
hand/eye relationship [2]. 

Recently, we developed a method for calibrating a 
camera whenever the optical axis of the camera is 
parallel or nearly parallel to the surface normal of the 
calibration board [21]. We then calibrated a SCARA 
robot [14] by applying Tsai's pose measuring technique. 

What was left is the hand/eye calibration for SCARA 
robots. This paper has addressed this issue in great 
length. 
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Figure 5.3 Experimental Results 

It has been proved in this paper that in the case of 
camera-equippedelectronic assembly robots including 
SCARA robots, up to five parameters (three rotation and 
two position parameters) in the hand/eye matrix can be 
determined. It has also been pointed out that for the 
measurement of relative pose of the hand-mounted 
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sensor, one only needs to known these five parameters. 
In other words, what cannot be identified is not relevant 
to the pose measurement of the sensor. 

Based on these observations, a linear and an 
iterative method have been proposed in this paper to 
calibrate the five relevant parameters. Simulation and 
experimental studies have confirmed the effectiveness of 
the proposed methods. 
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Use of Optical Angle Encoders to 
Calibrate a Stewart Platform 

Roy Smollett 
Robotics Center 

Florida Atlantic University 
Boca Raton, FL 33431 

ABSTRACT 

This report describes a least squares method for estimating the kinematic parameters of a 
Stewart Platform. The measurement data consists of the platform leg lengths provided by the 
control sensors and the lengths of additional instrumentation legs by using optical angle encoders 
arranged as a windless to measure length. The estimated values of the kinematic parameters 
differ considerably from the simulated values. However; if one uses the estimated val~es. ·of the 
parameters to predict the platform position, the predicted position errors are of the same order of 
magnitude as the platform position repeatability. 

I. Introduction 

The F1orida Atlantic University (FAU) 
Robotics Center has fabricated two parallel 
manipulators also called Stewart Platforms. 
These manipulators have a base diameter of 
60 inches and a top plate diameter of 24 
inches. These devices have been of interest 
to a number of researchers in recent years. 
The references describe some of the results. 
References (1,9,13,14,15, and 17) are 
concerned with determining the kinematic 
parameters of Stewart Platforms after they 
are built This is termed calibrating the 
platform. 

The calibration method considered in this 
report proposes to use optical angle 
encoders to provide data on platform 
position and orientation. The FA U platforms 
use optical angle encoders as sensors to 
measure the platform leg lengths. These 
sensors are an integral part of the platform 
control system. The control sensors are 
connected to the platform hydraulic cylinders 
which form the legs of the platform by a rack 
and pinion arrangement. When the hydraulic 
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cylinders change length the encoder sensors 
are rotated through the rack and pinion. The 
encoder output signals then are a measure 
of the platform leg lengths. The additional 
instrumentation encoders are arranged as a 
windless. The encoders are mounted in a 
flxed position near the platform. A cylinder is 
attached to the shaft of the encoders and a 
fine wire is wrapped around the cylinder. 

· One end of the wire is attached to the top 
plate of the platform. A weight is hung to the 
other end of the · wire to keep it taunt. When 
the platform moves the encoder shaft turns. 
The encoder output signal then is a measure 
of changes in wire length and hence pla~orm 
position. This concept is described in 
Ref.(17). Appendix A provides some details 
on an encoder constructed in this form. 
Figure 1 illustrates how they might be used 
in a calibration experiment. 

The hydraulic cylinder legs of the FAU 
platforms are attached to a base and top 
plate with universal joints (Ujoints) also 
called Hooke's coupling. This provides · two 
degrees of angular freedom in the attachment 
at the base. The attachment at the top plate 



provides three degrees of freedom since the 
hydraulic piston is free to rotate in the 
cylinder. In the ideal case the axes of the 
Ujoint:S intersect in a common point which 
lies on the center line of the cylinder. The 
essential kinematic parameters of the system 
then include the coordinates of intersection 
of the axes of the Ujoints. The coordinates of 
the base Ujoints are expressed in a base 
coordinate system. The coordinates of the 
upper Ujoints are expressed in a coordinate 
flxed to the platform top plate. Since the 
encoder data provide only information about 
the change in leg length there is also an 
offset parameter which must be determined 
in order to determine the absolute leg length. 
If the Ujoints are not ideal a more complex 
kinematic model must be used. This is not 
considered in this report. The objective of 
a calibration experiment then is to determine 
estimates fGr the Ujoint coordinates and the 
leg length ~sensor offset parameters. 

For the purpose of analysis the 
parameters relating to the instrumentation 
encoders are similar to those for the 
hydraulic cylinder legs. At the encoder end 
the attachment wire passes through a small 
hole before wrapping around the encoder 
cylinder. The coordinates of this hole are 
equivalent to the base Ujoint coordinates. 
The coordinates of point where the wire is 
attached to the top plate are equivalent to 
the coordinates of the upper Ujoint. We 
assume that the wire is sufficiently taut and 
flexible so that it forms a straight line 
between the these points. There is also a 
similar offset parameter associated with the 
instrumentation encoder data. The kinematic 
model for the instrumentation encoders then 
is identical to that of the hydraulic cylinder 
legs. The situation is as if the number of 
platform legs were increased by the number 
of instrumentation encoders. 
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Figure 1: Concept for using optical ~ncoders 
for platform pose measurement 

IT. Simulation Results 

The simulation study was performed in 
the following manner. It is assumed that four 
instrumentation encoders are used as 
sketched in Figure 1. The platform is 
assumed to have nominal geometry values. 
Hundred random poses of the platform were 
computed within limitations as follows: 

a. The hydraulic cylinder lengths were 
constrained to be between 45 and 7 5 
inches. 

b. The roll angle was limited to the range 
+1- 30 degrees. 

c. Tilt about the top plate X axis was 
limited to the range +1- 30 degrees. 

d. Tilt about the top plate Y axis was 
limited to the range +/- 30 degrees also. 

e. The total tilt was limited to be less than 
30 degrees. 

f. N aminal values were assigned to the 
instrumentation encoder wire attachment 
points and to the base coordinates of 
these instruments. 



The leg lengths . were computed for each 
pose. The instrumentation encoders were 
treated as platform legs so there were ten leg 
lengths for each pose. These were the 
simulated values of the measurement data. 
The parameters to be estimated are: 

a. The base coordinates for each leg. 
b. The plate attachment points for each leg. 
c. The encoder offset values for each leg. 

The base coordinates for the Ujoints are 
the coordinates of the intersection of the 
bottom Ujoint axes. The coordinates of the 
top plate attachment points are the 
coordinates of the intersection of the axes of 
the upper Ujoints. The encoders measure the 
change in leg length, not the absolute value 
of leg length. The initial value of the 
encoder data is an arbitrary number hence an 
encoder offset value must be assigned to 
determine the absolute leg length. 

The tQtal number of parameters then is 
seventy, seven for each leg. Six of the base 
coordinates may be assigned the nominal 
value in such a way that they determine the 
base coordinate system. Six of the top plate 
coordinates may also be assigned nominal 
values such that they determine the 
coordinate system for the top plate. Hence 
the number of parameters to be determined 
by the least squares algorithm is 58. 

Random initial guess values were 
assigned for these 58 parameters. These 
values were near the simulated values (the 
nominal values),but not exactly equal. to 
them. It is assumed that a measuring tape 
can be used to determine the base 
coordinates of the Ujoints within an error no 
greater than 1 inch. Hence random initial 
guess values were assigned within this range. 
In a similar manner it is assumed that the 
top plate Ujoint coordinates can be measured 
with an error of no more than 0.5 inch. 
Random initial guess values were assigned 
within that range. For the same reason the 
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encoder offset initial values were assigned 
within 0.25 inches from nominal. 

The least squares algorithm determines 
estimated values for the 58 parameters and 
the top plate coordinates of the 100 poses 
such that the sum of the square of the 
measurement errors is a minimum. The 
measurement error is defmed to be the 
difference between the simulated leg lengths 
and the leg lengths as computed using the 
estimated parameter values and the estimated 
top plate coordinates. Top plate coordinates 
are defmed to include both position and 
o rien tatio n. 

If we assume there is no random error in 
the measurement data the algorithm 
converges in six iterations. The ·estimated 
parameter values are equal to the simulated 
values +/-.0001 inches. The algorithm can 
tolerate initial guess values within the ranges 
described above. 

In the example that follows random noise 
in the range +/-.002 inches was added to the 
simulated values of encoder measurements. 
This noise represents errors in the data 
caused by such effects as encoder error, 
backlash in the Ujoints, platform vibration, 
noise in the control system, dither in the 
servo valves and other similar random 
processes. The Q-basic random number 
generator was used to generate this noise. 
The random number generator provides a 
uniform distribution of values over a 
specified range. The RMS value lS 

approximately 58% of the specified range. 
With this amount of measurement noise 

the estimated parameter values differ from 
the simulated values by as much as 0.047 
inches. This seems disappointedly high in 
view of the assumption of a rather small 
value for noise. On the other hand the 
residual error was 0.001 inches RMS. The 
maximum residual error for any pose was 
only 0.0038 inches. These seem small 
compared to the simulated noise. 



The assumption of random noise in the 
leg length measurements implies that there 
will be platform repeatability errors. If we 
add random noise to the simulated values of 
the leg length data and then estimate the 
platform positions using only the data from 
the SLX platform legs, the estimated pose 
positions will in general be different from the 
simulated pose positions. This difference 
is a measure of the platform repeatability 
error for the assumed leg length errors. The 
simulated values for the Ujoint coordinates 
are used in these computations. This has 
been done for the 100 poses in the data set. 
The results are shown in Table 1. We 
interpret this to mean that if the leg length 
errors are in the range +1- .0002 inches we 
expect the X coordinate of the platform to 
vary from nominal by as much as .0059 
inches RMS for a typical pose. Similar 
results are presented for the other 
coordinat~s. 

Table 1: Estimated Pose Repeatability Error 
for Random Leg Length Error of +-0.002" 

RMS Error in X .0059 
RMS Error in Y .0055 
RMS Error in Z .0022 

Two methods of presenting error in 
terms of pose coordinates are considered. In 
the first method the estimated values for the 

Ujoints coordinates and the simulated values 
of the leg length data are used to compute a 
platform pose. Data from only the six 
hydraulic cylinder legs are used. For 
reference purposes call these estimated 
poses. In general the coordinates of the 
estimated poses will differ from the 
simulated pose coordinates. The two sets of 
pose data are compared by computing the 
distance from pose j to pose k for the 
simulated poses and subtracting the 
distance computed using the estimated 
poses. This is done for all value of j and k. 
There are 5050 such comparisons in the data 
set. The results are shown in Table 2. Two 
cases are considered. 

a. First random noise was not added to the 
simulated leg length data. This case 
shows the effects of errors in the Ujoint 
coordinate estimates only. 

b. For the second case random noise in the 
range +I- . 002 inches was added to the 
simulated leg length data. The resulting 
errors then are due to both the random 
noise and the errors in the estimated 
Ujoint coordinates. 

The RMS difference error was 
approximately the same as the repeatability 
error shown in Table 1. The average distance 
error was negligible. Including random noise 
in the leg length data nearly doubled the 
errors. 

Table 2: Error in the Distance From Pose j to Pose k 
For All Poses in the Data Set 

A vera e Distance Error 
The Standard Deviation of 

Distance Error 
Maximum Distance Error in 

the Data Set 

Casel 
No leg length 

Noise 
2E-7 inches 

.0053 

.023 
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Case2 
Leg Length 

Noise= +1-.002 
1.5E-07 
.0091 

.038 



Errors in the estimated values for the 
coordinates of the Ujoints cause the 
estimated pose coordinates all to be shifted 
in space from the simulated coordinates by 
similar small amounts. This is a bias caused 
by errors in the estimated Ujoint coordinates. 
This bias can be removed by determining the 
coordinate transformation that produces the 
best fit of the estimated coordinates to the 
simulated coordinates. The coordinate 
transformation is determined by a least 
squares estimate. This has been done and the 

results are shown in Table 3. The table 
includes comparison data for the estimated 
poses as first computed and after being 
shifted by the coordinate transformation . The 
error in pose coordinates before and after the 
coordinate transformation are shown in 
Table 3. Cases both with and without leg 
length random noise are included. The pose 
errors after the coordinate transformation are 
comparable to those shown in Tables 1 and 
2. Including random leg length noise in the 
simulation had a very minor effect. 

Table 3: Simulation Study No.2 Comparison of Estimated Pose Coordinates 
to Simulated Pose Coordinates 

Case 1. No Leg Length Noise 
-

Estimated Pose Estimated Pose 
Coordinates As Coordinates After ... 

... Computed Transformation 
RMS Error in X .027 inches . 0034 inches 
RMS Error in Y .0052 .0043 
RMS Error in Z .0077 .0028 

RMS Total Error .0285 .0062 
Maximum Error in Data Set .0374 .0151 

Case 2. Leg Length Noise = +I-. 002 

Estimated Pose Estimated Pose 
Coordinates As Coordinates After 

Computed Transformation 
RMS Error in X .027 inches . 006 8 inches 
RMS Error in Y .0077 .0071 
RMS Error in Z .0079 .0033 

RMS Total Error .029 .010 
·Maximum Error ill Data Set .0499 .026 

ill. Conclusions 

For most applications we are not 
concerned with the pose coordinates in an 

arbitrary coordinate system. Rather we are 
concerned with how precisely we can model 
and predict the position relative to a home 
position. The data shown in Tables 2 and 3 
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provide answers to this question. We 
conclude that in spite of rather large errors in 
the estimated parameter values, the pose 
accuracy is quite good. 

Optical angle encoders can be adapted to 
measure linear distances with good accuracy. 
The simulation studies indicate that they 
would be useful tools for the kinematic 
calibration of a Stewart Platform. The 
studies predict the accuracy with which the 
kinematic parameters can be estimated for a 
typical measurement noise level. The angle 
encoders could be used to calibrate serial 
manipulators also. 
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Appendix A 

Figure A-1 below illustrates the use of an 
optical angle encoder to measure changes in 
the distance X. The weight keeps the wire 
taut. As the platform moves about its 
workspace it pulls wire from the windless 
rotating the encoder. The angle data 
provided by the encoder is a measure of the 
change in the distance X. An instrument of 
this form has been constructed with the 
following characteristics: 
Encoder resolution! 5240 line/revolution 
Readout resolution 21600 counts/rev. 
Diameter of the drum 1. 9715 inches 
Wire Guide Hole diameter 0.030 inches 
Weight used 1.35 pounds 
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Figure Al: Angle Encoder Used To Measure 
the Distance X 

The instrument was calibrated by 
connecting it to the table of a CNC milling 
machine. The milling machine has accurate! y 
controlled travel with a readout res_olution of 
0.0001 inches. Travel in the X direction 
has a range of 27 inches. The encoger wire 
was attached parallel to the milling~machine 
X axis. The encoder data is displayed by an 
instrument which is installed into a PC 
computer. _ 

The first test was a repeatability test. The 
milling machine was repeatedly sent from 
end to end and back again in the X direction. 
This was done more than 20 times. The 
encoder data were recorded at each end 
point. After the flrst few cycles the encoder 
data indicated that the wire was becoming 
longer with each cycle. In fifteen cycles the 
wire length increased by 54 counts. This is 
approximately 0.015 inches. It is believed 
that the wire is elongated by cold working it 
over the windless drum. 

In the second experiment the milling 
machine was moved from end to end in one 
inch increments. The encoder data were 
recorded at each increment. The end to end 
travel was 27 inches. The process was 
continued through four cycles; forward and 
back, and forward and back. 

Two calibration models were considered. 
The first assumes that the encoder count is a 
linear function of the distance X. 



COUNT= A*X + B 

A least squares estimate was made of the 
parameters A and B with the following 
results. 

A= 3467.87 counts per inch 
B= 10007.8 counts 
RMS of COUNT residual error= 6.8 
RMS of X= 0.00195 inches 
Maximum error= 16.2 counts 

A plot of the error in COUNT versus X 
is shown in Figure A-2. The error is the 
difference between the value of COUNT as 
computed by the model and the measured 
encoder count data. COUNT is computed 
assuming no error in the values of X. Several 
interesting effects can be noted. 

a. There is a periodic variation in the error 
data. This is due to a slight eccentricity in 
the ~illdless drum. The period is the 
circumference of the drum or 
equivalently one revolution of the 
encoder. 

b. There is a backlash effect. When the 
direction of motion is reversed there is a 
discontinuity in the encoder data. The 
wire is under tension due to the weight. 
This tension causes the wire to elongate. 
Friction effects in the encoder and the 
wire guide hole reverse direction when 
the wire motion reverses causing small 
changes in the wire tension. The backlash 
discontinuity is about 6-8 encoder 
counts. 

c. There is a small second order effect in 
the error function. That is the error is 
proportional to X squared. 

The second model compensates for 
the effects noted above. The model has seven 
parameters. It is of the form shown here. 
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Count= FiX:+ F2 X + F3 + F4 S + F5 C 

+ F5 BL + F7 WL 

F1-F7 are parameters to be detemiined. 
S = sin(2 *tt*CM/21600) 
C = cos(2 *7t*CM/21600) 
BL is a backlash coefficient=+-ldepends 

on the direction of rotation. 
WL is the sum of the absolute value of all 

incremental wire motions. WL is computed 
in terms of the measured encoder count 
data. 

CM is the measured value of encoder 
count. 

The term F1 is intended to cqmpensate 
for the second order effect. The terms F3 and 
F4 compensate for the windles~ drum 
eccentricity. The term F6 compensates for 
backlash. The term F1 compensates for the 
elongation due to cold working the wire. A 
reduced form of the model is also considered 
which has F6 and F1 equal to zero. 

The parameters Fl through F5 were 
estimated by a least squares algorithm. The 
results are shown below. This is the reduced 
model. In this model there is no 
compensation for backlash or elongation. 

Fl = -.0854 counts per inch squared 
F2 = 3470.15 counts per inch 
F3 = 9996.19 counts 
F4 = -.3264 counts 
F5 = -5.508 counts 

RMS error in COUNT= 3.76 counts 
RMS error in X =0 . 0018 inches 
Maximum error= 6.96 counts 

A plot of the error in count versus X is 
shown in Figure A-3. The backlash effect is 
very apparent in this figure but the 
elongation effect is not 

The parameters for the complete model 
with all seven parameters were also 



estimated by the least squares algorithm. The 
results are tabulated here. 

F 1 = -.0840 counts per inch squared 
F2 = 3470.13 counts per inch 
F3 = 9996.93 counts 
F4 = -.4652 counts 
F5 = -5.3727 counts 
F6 = -3.669 counts 
F7 = -4.5E-06 counts per inch 

RMS error COUNT= 1.45 counts 
RJ.\1S error in X = 0.00042 inches 
Maximum error in COUNT= 3.12 counts 

Figure A-4 is a plot of the error in 
COUNT versus X. The backlash 
compensation is seen to be very effective. 

The RMS error is only slightly more than the 
resolution in the encoder data. The 
parameter F7 is only about one third the 
value expected based upon the results of the 
repeatability test. Apparently there was very 
little elongation in this experiment. 

In Ref. ( 17) Driels considered using a 
smooth funnel shaped guide to smoothly feed 
the wire into the small hole at the encoder 
end of the wire. This has not been done in 
the experiments reported here however it 
seems very appropriate. If the funnel is used 
the model needs two more parameters to 
predict the wire length through the funnel. 
See Ref.( 17) for details. 

In conclusion, the encoder is seen to be a 
very precise device for measuring distance. 

Change In Wire Leng~h 
In Incl'les 

Figure A2: Encoder error versus X (Two parameters model). 
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Figure A3: Encoder error versus X (Five parameter model). 

Change In wire Length 
In Inches 

Figure A4: Encoder error versus X (Seven parameter model). 
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Abstract - A group of engineering students at Florida 
International University are currently building a solar car 
called Pantera Solar. This vehicle will participate in a 
national competition known as Sunrayce '97. As estab
lished by rules, global solar radiation received by the car 
is the only source of energy that may be used for propul
sion. Artificial external aid is not permitted, which means 
neither reflection nor refraction of sun light towards the 
car is allowed Any method that modifies the properties of 
light should be carried by the car [12}. FlU's goal is to 
design and build an efficient solar panel to be used on the 
electric race vehicle. Multiple trade-offs appear during 
the modeling of the car and a clear understanding of their 
relationships is essential (some of the trade-offs include: 
power output, weight, size, aerodynamic drag, cost, and 
reliability). The solar array design is presented in this 
work. 

INTRODUCTION 
A solar cell can be made from several materials. The one 
most often used is silicon, although it is not the best one 
available [4]. A cell is made up of two sides, one is doped 
by N type silicon, the other side contains the P type. When 
light hits the cell, electrons get excited, causing them to 
jump from one side to the other. This creates a current on 
the PN-junction [9]. 

The array performance depends on the quality of the cells 
and the system efficiency. Other factors that affect the 
solar array are aerodynamics, sun position, temperature, 
weight, electrical configuration, array geometry, and lami
nation. In this paper it is explained how each of those 
factors affect the efficiency of the system and the array 
design. From all the factors mentioned, the most important 
is the weight. All components added to the panel add 
weight to the car and indirectly consume power. There
fore, only important and worthwhile equipment can be 
placed on the panel. It is of ultimate importance not to 
over-design the system. 

CELL SELECTION 
Solar cell technology is the limiting factor of this design. 
From 31 companies contacted within North America, just a 
few were able to manufacture high-efficiency solar cells, 
and the choices were reduced to two products. One of 
them was produced by Siemens Solar Industries and the 
other was manufactured by Photon Technologies, Inc. 
These two manufactures were the only ones to produce 
cells with more than 14% efficiency. Both cells produce 
around 1.4 watts and their characteristics are very similar. 
However, Photon Technologies cells are more economical. 
FlU's team selected to use the cells from Photon Tech
nologies and left Siemens' cells as a second option. 

The characteristics of the solar cell are [7]: 

Size: 
Power: 
Voc: 
lsc: 
vmax: 
lmax: 
Efficiency: 
Type: 
Color: 
Buss Bars: 

Front: 
Back: 

100 rnm x 100 mm 
1.40 W (± 5o/o) 
0.58 Volts 
3.20 Amps 
0.48 Volts 
2.90 Amps 
14.0% 
EFG Crystalline 
Deep Purple 

1.5 mm silver stripes 
3.0 mm x 3.0 mm square silver pads 

AERODYNAMICS 
Other teams' solar vehicles have had a coefficient of drag 
around 0.12 [13]. Pantera Solar is expected to get at least 
that value. The drag coefficient depends on the general 
shape of the car and not only the solar array's. To help 
reduce drag the frontal area must be decreased, and sepa
ration must be avoided [5]. The relationship between the 
frontal area of the array and the air friction is given by [ 5]: 
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where F 0 is the drag force, p is the air density, A is the 
frontal area, and C0 is the coefficient of drag, which should 
not be greater than 0.14. 

Separation will be avoided by building the surfaces as 
smooth as possible. 

SUN POSITION 
The angle of incidence of light on the solar cell affects its 
output current and voltage. Because of this factor, it is 
important to place the cells in such a way that they are per
pendicular to the solar rays. The current produced by the 
solar cells follows a cosine law: the more the cell inclines, 
the smaller becomes its geometric face [4]. The voltage 
varies from the ideal because internal resistance increases 
at higher angles; so the less illumination, the less voltage
generating capability [4]. Finding the product of these two 
values will generate the output power at any time of day. 
A program to calculate the exact sun position at a certain 
time and zone on the earth was obtained from the Austra
lian Surveying & Land Information Group. From this 
software, some values to estimate the average sun position 
were found. 

The average position of the sun was calculated. The re
sults were approximately 172° of azimuth and 52° of alti
tude. These numbers were very significant because they 
indicated that most of the sun will be shining from the 
south, at an average angle of 52°. Knowing that the car 
will be cruising from east to west, most of the light will be 
received on the left side of the car. This fact is an impor
tant factor in designing the geometry of the solar array. 

GEOMETRY 
Taking into consideration the aerodynamics, the sun radia
tion, and the projected area, the arrangements in figure I 
were considered. 

Figure 1: Possible Solar Array Configurations 

The height of the array is fixed so that there is enough 
space inside the car. The objective is to fmd the shape 
which provides the greatest projected area and least aero-

dynamic drag, and at the same time having the required 
height. 

If an effective height is chosen, the array will not have 
shadows during the racing time and the projected area to 
the sun will be maximized. At the same time, the cross
sectional area should be minimized so that the aerodynamic 
drag is reduced. To satisfy the geometry requirements, the 
shape in figure 2 was selected. 

Figure 2: Final Solar Array Configuration 

The advantage of the frontal area shape is that the required 
height is achieved with the minimal cross-sectional area. A 
variation of the tear drop shape in a much flatter way can 
be noticed on the design. The array begins with the de
signed frontal area and finishes on a flat plane. The sur
face was designed to obtain this change in a cross-sectional 
area as smooth as possible to avoid separation. 

The array will consist of flat solar panels placed together in 
the desired shape. These panels should not be too large 
because they would cause sharp angles, and create air sepa
ration. Neither could they be too small, because then 
building the array out of flat panels would be meaningless. 
Thus, the solar array will be made out of 80 straight pan
els, which will allow a nice smooth shape as shown above. 

The size of each panel was designed respectively to the 
size of the solar cells. Each panel will bare I 0 cells to not 
waste any space. Blank spaces on the solar array are unde
sirable and will reduce the system's ottput. 

ELECTRICAL CONFIGURATION 
The electrical circuit in the array will consist of six strings 
in parallel. There are several reasons to use six series of 
solar cells. The main purpose is to fit the selected ge
ometry in the best way. With six strings, each one can 
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Figure 3: An individual Solar Panel 

cover a different side on the array. The string with the 
highest quality cells will be placed at the top. Then, two 
strings will cover the left side, and the other two will be 
exposed on the right side of the car. The sixth string will 
cover the rear section. 

c::J String •1 

1:: :: :::;::1 Stl'ing #2 

lm$;:~::§:;mi String •a 

mil Stl'ing"'4 

- Strlng•S 

- String•& 

Figure 4: Array Electrical Configuration 

Six different zones in the array with similar angles are con
nected in series to obtain 65 volts from of the system. 
Maximum Peak Power Trackers will boost the voltage up 
to 96 volts to match with the motor requirements [1]. The 
cells will be soldered together following the manufacturer's 
instructions and using the assigned materials. The electri
cal ends of each section will be bent, so that when the pan
els are placed together the electrical ends will be under
neath the solar array [7]. The array's connections will all 
be soldered to ensure the integrity of all the connections 
without having to add extra weight with special electrical 
connectors. 

MAXIMUM PEAK POWER TRACKERS 
Bad weather is a possibility during the race. For instance, 
in Sunrayce '95, it rained for a couple of days and bright 
sun shine was rare during the race. The MPPT' s weigh 
around one pound each and their advantage is necessary. 
These can be connected to one or more strings simultane
ously. However, because few strings are being used, and 
they may differ in their electrical output, the best way to 
connect them is one for each electrical section. Thus, six 

Peak Power Trackers ate needed to guarantee that the sys
tem will generate and transmit the maximum power possi
ble to the car circuit. The trade-offs are going to be the 
weight and electrical load of these devices. Solectria Co. 
produces one of the most efficient Power Trackers on the 
market. If six of their PPT are installed, they will add 
around 3 kg. to the solar car, plus an electrical consump
tion of 4.8 W, corresponding 0.8 W per PPT. 

Analyzing the trade-offs, installing MPPT' s seems to be 
very convenient. Without using them, a great amount of 
the output power could be lost because of an unbalance 
between the array and the load impedance [9]. Now, with 
these logical circuits, the impedance will always be bal
anced and may correct unexpected disturbances on the 
electric circuit due to shadowing of the solar panel [1]. 

BY-PASS DIODES 
By-pass diodes are also a way to improve the performance 
of the system. The best way to make this work will be to 
connect in parallel one diode per cell [13]. However, the 
panel will consist of 800 cells, and to access each one of 
them may interfere with the cooling process and the simpli
fication of the electrical connections. The best place to 
install them is at the corners of the small panels, covering 5 
cells per diode. This means that if the ten cells go to zero 
voltage or less, the diode will short circuit that section to 
avoid a bigger loss. 

TEMPERATURE AND COOLING SYSTEM 
It is not possible that the power generated by the system 
could cool itself enough to produce extra power. Besides 
that, an external electrical energy source cannot be used 
[12], and chemicals to cool the array may add weight to the 
car. Air flow that gets to the car is the best option left to 
cool the cells. 

The ambient temperature of the air is expected to be 
around 30° Celsius. Thus, the minimum temperature the 
solar cells will get is that value. The following graph 
shows how the efficiency of the cell changes with tem
perature variations. 

The system can be modeled as a flat plane to analyze the 
heat transfer from the panel to the air. The heat comes 
from solar radiation and is dissipated by the upper and 
bottom air flow. Because the upper flow will have higher 
velocity, it will collect most of the dissipated heat [ 6]. Air 
flow above and below the solar panel takes away the heat 
close enough to the air temperature in a flat surface model. 
Therefore, no fins are necessary to create turbulence, and 
so the aerodynamics will not be affected. From calcula
tions, the air volume flow which should enter the car must 

-225-



Efficiency on Silicon Solar Cells 

I :lL 
0 50 100 

Temperature (Celsius) 

Figure 5: Efficiency of Mono-crystalline Silicon Solar 
Cells with Temperatures Changes [4] 

be determined. These values are needed to know where the 
air intake is going to be and how large it needs to be. 
However, from calculations, a small percentage of the heat 
is dissipated from the bottom of the panel. Thus, making 
holes in the panel may not be necessary. Furthermore, 
those perforations create an undesirable stress concentra
tion. 

In conclusion, the cooling of the photovoltaic cells will 
depend only on the air flow that is going to hit the car dur
ing operation. This will facilitate the construction of the 
panel, because processes like drilling, core placement, and 
others will not be necessary. 

PANEL STRUCTURE 
A solar car's body is generally made out of composite ma
terials. These materials are very light and can handle high 
stresses. The most popular material for this type of vehicle 
is Kevlar, and a cheaper substitute would be fiberglass. 
Under the composite there is generally another substance 
that gives extra strength to the body. Nomex-honeycomb 
is a good option to put underneath the composite, as well 
as some foams. 

The Pantera Solar Materials Group found a composite 
with better characteristics than Kevlar and the fiberglass. 
This material, named Spectra, is stronger than some steel 
alloys, and it floats in water [3]. This is a good element 
with which to build the solar panel. 
In addition to that, Dr. Torres, an FIU Faculty, developed a 
foam called Pantherskin. This material has excellent prop
erties that can benefit the design purposes. The foam was 
developed as a heat insulator. When testing it, a block of 
Pantherskin was made and a torch was applied to one of 
the sides. The heat insulation was so great that just a neg
ligible amount of heat went through it. In addition to this, 
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the material proved to be very strong against impact and 
compression loads. Pantherskin by itself can handle the 
loads applied to the array; however, its characteristics 
make it too difficult to work with without a mold material. 
Both materials, the Pantherskin and the mold material can 
be used to build the solar array and still create a very 
strong and lightweight system. The crust that forms at the 
surface of this material is the one that gives strength to the 
system. The thicker the crust, the stronger the Pantherskin 
gets. Dr. Torres affirms that this material could get as 
strong as it is required. It could be as resistant as steel if 
necessary. 

Table 1: 
Characteristics of a Pantherskin Block 

(without the Skin) 
Pantherskm psi 

.E 473 .8 
a 24 . .> y 

a 
max 

6j.4 

To build the mold, Spectra is probably the best option 
available. This is a fiber with excellent structural proper
ties. It has very high impact and tensile resistance, and it is 
lighter than water per volume unit. Table 2 shows the den
sity and strength of Spectra and other maerials. 

ens tty 
ongat10n, 

% 

1000 HM 

4 

Spectra fibers are not only strong and lightweight, they also 
retain their original strength after being immersed into sev
eral substances. This characteristic is ideal if it is desired 
to build a long lasting solar array. Table 3, the Spectra 
chemical resistance to different substances is shown. 

Immersion 
Agent Spectra 1000 Aramid 

ater 



1 ° o Detergent 
solution 

5 

Ammo mum 
droxide (29%) 
Hypop osp 1te 
solution (10°/o) 

Clorox 

LAMINATION 
Three methods were studied to encapsulate the solar pan
els. The first one is Ethylene Vinyl Acetate (EVA) lami
nation. This material is produced by Dupont Tefzel, con
sisting of a plastic sheet of EVA. The plastic sheet is 
bonded in a heat-vacuum laminator to an 18 mm layer of 
EVA to the solar cells [7]. However, a heat-vacuum lami
nator might not be available, and without this equipment 
encapsulating, the panels will not reach the desired quality. 

Another option that may be available is a two-part silicone 
encapsulation. This is an adhesive material available from 
several sources in the U.S. It is a clear, rubbery material 
that can be painted or poured in a thick film over the solar 
cells. The solar cells are applied before the silicone rubber 
sets, and the material that appears between the solar cell 
edges is flattened with a brush to form a smooth surface. 
After the silicone is finished, another coat may be applied 
over the cells to protect them from the environment. The 
biggest problem in this process is that the material has to 
be washed continuously to keep out accumulated dust. 
Also, they do not have a good bond to the solar cells and 
need to be protected from scratching. When applying it, 
special care must be taken to avoid air bubbles under the 
fmal coat. The advantages of this process is that it is easy 
to repair and provides long-lasting arrays [7]. 

Dow-Coming 1-2577 Conformal Coating is about 92% 
optically clear, and it is very easy to apply and repair. The 
material can be poured, sprayed, or brushed onto the cells. 
The advantage that it has over two-part silicones is that it 
sets with a self-washing surface that resists dust and dirt 
accumulation. It is less expensive than the EVA lamina
tion and can produce long-lasting solar panels. The disad-

vantages are that fumes are released when encapsulating 
the cells and special care must be taken to avoid dust in the 
lamination material when applying the different coats. 

From the three considered processes, EVA and Dow
Coming lamination are more reliable to encapsulate Pan
tera Solar's panels. If Dupont Tefzel material is used, it is 
necessary to have a heat-vacuum laminator, and the cost of 
the process will be higher than the one-part Silicone Con
formal coating. Hence, the Conformal coating will be used 
to encapsulate the solar panels. This process will be eco
nomical, easy to apply, and will give reliable protection to 
the solar cells [7]. 

DESIGN RESULTS 
The final solar array specifications are summarized in the 
following list: 

• The array will fit in an imaginary box 4 meters long, 2 · 
meters wide, and 0.4 meter high. 

• The electrical configuration will consist of six differ
ent strings of 64 volts each. The solar cells within the 
same string will have similar angles with respect to the 
sunlight. 

• Single Crystal Silicon Solar Cells, type EFG-22/00 
from Photon Technologies, will be used. These cells 
will produce a maximum 1.4 W, with 14o/o ef:ficiency. 

• The solar array will be made out of straight panels. 
They will be constructed as shown in the Assembly 
Section. 

• Ten cells will be set on each panel. 

• By-pass diodes will be connected in parallel for every 
five cells. 

• Six Solectria Power Trackers will be used. They will 
consume 0.8 W each and they will be connected to in
dividual strings. 

• Panels will be made out of Spectra and supported by 
Pantherskin for rigidity and heat insulation. 

• The array will be protected from the environment by a 
clear lamination manufactured by Dow-Coming Cor
poration. 

The array will produce 1.1 kW. To keep the car at a con
stant speed it is expected to consume less than 400 W. 
Thus, the solar array will overcome the acting friction 

-227-



forces and still have some energy to charge the batteries. 
The designed solar array will produce more than double 
the necessary power to keep constant speed and it will be 
able to accelerate the car without utilizing the energy of the 
batteries. 

The cost of the array will be basically the material costs, 
because it will be built by the students on the team. The 
Pantherskin, as well as the interconnector ribbon and the 
solder paste are free for this project. The major expenses 
will be buying the 800 solar cells, the Maximum Peak 
Power Trackers, and the Spectra necessary to build the 
panels. 

$3000 

Even though it seems too expensive in comparison with the 
energy generated, it is a very economical solar array. If it 
is seen as a long-time investment, eventually this initial 
price will be compensated with free energy for the rest of 
the solar array life. 

The solar array is designed to have a life greater than ten 
years; however, the technology used on this array changes 
dramatically from one year to another. For example, Sun 
Power Co. is producing 20% efficiency solar cells, but they 
cost more than $1000 each. There is a possibility that 
those prices will drop in the following years, making these 
cells more accessible. If solar cells with that efficiency get 
to prices under $1 0/watt [ 12], it will be worthwhile to sub
stitute the 14% efficiency cells for the better technology. 

MAINTENANCE INSTRUCTIONS 
The solar array is designed in such a way that there is little 
maintenance to do. The most important part is to check for 
any damage done by the environment, and to keep it clean. 

If a solar cell or the lamination coat is broken by an exter
nal cause, like a rock on the road hitting a panel, it should 
be replaced or fixed as soon as possible. The array's per
formance depends on the good conditions of every section, 
so special care should be taken. To monitor any irregular
ity, ammeters can be connected in series with each string, 

and if some problem occurs, a signal is sent to the driver or 
to the Pantera Solar crew. 

When dust is accumulated on top of the panel, the system 
becomes less efficient. It is important to clean the array 
with a moisten cloth to take off dirt that the car can accu
mulate from the road. Substances to repel water, like Rain
ex products, are recommended [ 13]. This will make it 
easier to clean the solar array, and to dry it after rain. 

The array must be kept fixed and sealed to the car. Failure 
to do it can cause the solar array to dislodge from its sup
ports and crash to the ground. The system is very light and 
delicate, It must be handled with care. 

CONCLUSIONS 
From this project, the Pantera Solar design crew learned 
good engineering skills and teamwork. Every aspect dur
ing the solar array design process was influenced by the 
design of other parts in the electric vehicle. For example, 
the solar array's electrical output depends on the load im
pedance in the car circuit, the array shape depends highly 
on the final shape of the entire car, and even the materials 
used were selected to match the ones used on the body 
construction. 

Communication, high technology, and teamwork made the 
design of the Pantera Solar array possible, which will pro
duce 1.1 kW, and will hopefully help this car to win at 
Sunrayce' 97. 
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ABSTRACT - The wear and breakage mechanism of 
micro-tools are different than conventional ones. In this 
paper, the tool-breakage mechanism of micro-end mills, 
wear-induced stress (WIS), is explained and a tool 
breakage detector (IBD) was proposed to identifY the 
failure of tools during the machining of aluminum parts. 
The proposed TED identified tool breakage in all of the 
test cases without giving any false alarms when the cutting 
started and when the tool left the workpiece. 

INTRODUCTION 
Micro-machining is most commonly used for either the 
manufacture of miniature parts or to create small details of 
large parts. In both applications the machining and 
inspection of the parts are very. costly. It is beneficial to 
detect tool breakage as soon as it happens and to take the 
proper action, such as changing the tool and/or, if 
necessary, discarding the part. Micro-tools are too small 
for visual inspection during machining operations. The 
sound related to the machining operation is insignificant 
when compared to the noise of a machining environment 
and a typical machine tool. A simple and reliable tool
breakage system can be used effectively to detect tool 
breakage. In this paper a tool-breakage detector (TBD) was 
proposed to detect tool breakage by monitoring the acoustic 
emission ( AE) activity related to impacts between the tiny 
cutting edges of a micro-end-mill and the workpiece. 

Many researchers have used AE to monitor the tool 
condition for milling (Zheng et al. , 1990; Liu and Liang, 
1991; Liu and Liang, 1990; Osuri, 1991), turning (Zheng 
et al., 1990; Vajpayee and Sampath, 1988; Rangwala and 
Dornfield, 1991a; Rangwala and Dornfield, 1991b; Liang 
and Dornfield, 1989; Emel and Kannatey-Asibu, 1989; 
Kamarth et al., 1995), drilling (Zheng et al., 1990; Koning 
et al. , 1992), simulated micro-machining operations (Liu 
and Dornfield, 1992), and estimated tool wear. In these 
studies, the signal processing was completed in three 
stages. In the first stage, the AE signal was filtered with a 

high-pass or band-pass filter. In most of the studies, the 
second stage modified the signal to digitize it with large 
sampling intervals and to work with a smaller number of 
points during the analysis. Determination of the root mean 
square (RMS) (Koning et al., 1992; Klaiber et al., 1990; 
Diniz et al., 1992; Osuri et al., 1991 ; Rangwala and 
Dornfield, 1991a; Rangwala and Dornfield, 1991b; Liang 
and Dornfie1d, 1989) or true mean square (TMS) (Liu and 
Liang, 1990) by using an analog hardware was the most 
common approach. Recently, very fast sampling and 
complete digital processing have also been proposed 
(Kamarth et al., 1995). The third stage was the digitization 
of the processed signal and the evaluation of its 
characteristics by using simple statistical tools (Zheng et 
al., 1990), spectrum analysis (Zheng et al., 1990; Diniz et 
al., 1992; Liu and Dornfield, 1992), time-series modeling 
(Liang and Dornfield, 1989), and wavelet transformations 
(Kamarth et al., 1995). 

Conventional tools wear out gradually which causes the 
quality of the surface finish to deteriorates It is beneficial 
to estimate wear and to change these tools before the 
surface quality and accuracy becomes unacceptable. The 
life of micro-tools is very short and unpredictable. The 
condition of these tiny tools cannot be inspected by 
touching them with a prop similar to conventional tools. A 
reliable and low-cost tool-breakage detection system would 
be extremely beneficial for micro-machining. 

The proposed system was developed with the following 
goals: 
• To install the sensor easily: The AE sensor can be 

attached by means of a magnetic base, or it can be 
installed between the jaws of the vise and the workpiece. 
The direction of the cutting is not important. 

• To detect tool breakage without creating false messages 
when the cutting condition changes: The system should 
not indicate "tool breakage" when the cutting forces 
change with the initiation and termination of each pass, 
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the variation of the depth of cut, cutting speed, and feed 
rate. 

• The cost of the system should be minimal: To keep the 
cost down, simple analog signal processing and a 
microprocessor-based digital circuit should be used 
together. 

In the following sections, the tool breakage in micro-end 
milling, the proposed tool-breakage detection system, 
experimental results, and conclusion are presented. 

TOOL BREAKAGE IN MICRO-
END-MILLING OPERATIONS 

Breakage mechanism of micro-drills have been studied. 
Tansel and Rodriguez (1990) and Koning et al. (1992) 
have developed breakage-detection systems by monitoring 
the cutting force and AE activity, respectively. Koning et 
al. (1992) indicated that micro-drills were broken without 
any noticeable sign of wear. Tansel et al. (1994) noticed 
that the pre-failure phase can be detected in micro-drilling 
operations. 

To explain the breakage mechanism of micro-tools, the 
thrust -direction cutting force (perpendicular to the feed 
direction in a horizontal plane) of a micro-end-milling 
operation is presented in Fig. 1. The average of the thrust
direction cutting force slightly increases when the tool 
starts to remove material and remains at that level as long 
as the cutting condition is maintained. Although the signal 
fluctuates around the average, it is very different from the 
signal of a similar conventional tool with two cutting 
edges. 

The authors observed that in more than fifty percent of the 
test cases the average thrust -direction cutting force of 
micro-end mills increased before the tool breakage 
occurred. There is not a strict relationship between the tool 
usage, wear of cutting edges, and the average thrust force; 
however, it is possible to detect the pre-failure phase from 
the force signal. 

Based on the observations in Figs. 1 and 2, the authors 
concluded that the average thrust -direction cutting force 
slightly increases with usage. Loss of tool material, 
deposition of small workpiece particles on the tool surfaces, 
clogging of chips, and the change of tool geometry with 
deflection and damages cause the variation of the average 
thrust-direction cutting force and the stress on the tool. Wear
induced stress (WIS) is the term that the authors use to 
describe this usage-related stress development at the tool. 

When the tool fails, the shaft of the micro tool breaks and 
contact between the micro-tool and the workpiece is lost. The 
average thrust -direction cutting force drops to zero in a very 
short time. This creates an impact -type effect. Because impacts 
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Figure 1. Variation Of The Tirrust-Direction 
Cutting Force 

excite all the frequencies, if the activity is monitored at high 
frequencies (above 20KHz), it is possible to detect this sudden 
force drop without the interference of the forced vibrations, 
their harmonics, and the effect of various noise sources. 

PROPOSED TOOL-BREAKAGE DETECTOR (TBD) 
FOR MICRO-END-MILLING OPERATIONS 

The proposed tool-breakage detector (TBD) is designed to 
monitor the AE activity at a central frequency above 20KHz to 
avoid the interference of forced vibrations and their harmonics. 
For this task, the TBD has an analog signal processing 
circuitry and a tool-breakage identification software. 

Analog Signal Processing Circuitry. For analog signal 
processing, a demodulation circuitry was designed under the 
influence of commercial machine diagnostic systems. In Fig. 2 
the diagrams of the system is presented. 

The system uses a very narrow band-pass filter with a 40KHz 
central frequency. The filtered signal is passed from a rectifier 
to eliminate its negative portion. Through a demodulation 
process the envelope of the rectified signal is obtained. 
Although the AE signal was filtered at 40KHz, the envelope of 
the signal can be digitized at frequencies lower than 1OKHz. 
The output of the basic demodulation circuitry was connected 
to a Nicolet 310 digital oscilloscope. 

The demodulation circuitry indicates the impact with a very 
sharp, high spike which was always above the selected range 
of the digital oscilloscope. The low-pass filter of the final stage 
of the SWAN 3000 does not pass this spike and the circuit 
becomes saturated. This saturation is indicated by the signal 
which moves to the negative side very quickly and settles. 

Tool-Breakage Identification Software. The digitized data 
were recorded on floppy disks and were transferred to a 
microcomputer. The tool breakage was indicated with a very 
sharp spike at the signal of the basic demodulation. Tool
breakage detection was completed at two steps: 
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Figure 2. Demodulation Circuit For The Analog Signal 
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1. Compare each reading (xi) with a threshold value. If it is 
above a selected threshold go to the second step; if it is equal 
or below the threshold repeat the first step. 

2. If (x0 is above the threshold, calculate the slope of the curve 
when the signal starts to drop (j) points later. If the data 
produce a negative slope, the tool is broken. 

EXPERIMENTAL SETUP 
The optimum spindle speed for micro-tools is between 20,000 
to 100,000 rpm. However, many manufacturers use low 
rotational spindle speeds because they cannot move a part from 
a conventional machine to a special purpose one with a high 
spindle speed, or they cannot afford to buy and maintain these 
expensive and delicate spindles. In this study, 30,000 rpm 
cutting speeds were used. 

The experimental setup is presented in Fig. 3. The workpiece 
was clamped on the dynamometer which was installed on 
the top of a linear table. A linear table was positioned on a 
heavy workbench which completely isolated it from the 
machine tool to eliminate the transmission of machine 
vibration and noise. The motion of the linear table was 
generated by a DC servo-motor which was controlled by a 
microcomputer. The AE sensor was firmly tightened to the 
workpiece. Micro-end mills were high-speed steel (HSS) 
with two flutes HSS, and a 0.38-mm (0.015 inches) 
diameter. A Bridgeport Series 1 Milling machine was used 
in the experiments. To turn the micro-tool at 30,000 rpm, 
A high-speed electric motor which was attached to the 
spindle of the machine tool was used to tum the micro-to?l 
into 3 0, 000 rpm. The cutting conditions are presented In 
Table 1. 

TABLE 1 EXPERIMENTAL CUTTING CONDITIONS 

EXPER MATERIAL CUTTING FEED DEPTH 
NO. SPEED RATE OF CUT 

(rpm) (inch/sec) Jinch) 
1 Aluminum 30,000 0.033 0.04 
2 Aluminum 30,000 0.033 0.04 
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Figure 3. Experimental Setup 

The AE signal was monitored by using a special purpose 
transducer. The output of the transducer was attenuated by 
using a charge amplifier, and the impact-related 
information was obtained from the analog-signal 
processing circuitry. The output of the circuitry was 
digitized by using a Nicolet 310 digital oscilloscope. 

RESULTS AND DISCUSSION 
The performance of the proposed tool-breakage detection 
mechanism was tested on aluminum workpieces. 

In Fig. 4 the variation of the AE signal is presented during 
machining and when the cutting conditions changed. 
Mainly three different cases were considered: initiation of 
machining, sudden force increases that might cause 
breakage, and termination of the pass with a healthy tool. 
The proposed breakage identification software correctly 
detected tool breakage and did not give any false alarms 
when the cutting condition changed. 

The output of the analog circuitry is presented in Fig. 4. It 
is easy to understand that if a healthy tool passed the 
aluminum workpiece, the output was kept under a certain 
value; when the tool was broken, the output was suddenly 

Time (sec.) 

Figure 4A. Tool Is Leaving The Workpiece (Exp. No. 1). 
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Figure 4B. Tool Is Broken (Exp. No.2) 

Figure 4 Ae Activity During The Machining Of Aluminum At 
30,000 Rpm With A Micro-End Mill 

increased and much larger than that certain value, then 
dropped with a sharp slope. It is important to determine a 
threshold value for tools-breakage detection. Depending on 
the testing results, the software was well designed with a 
threshold value for aluminum materials, and correctly 
detected the tool condition in each case. 

CONCLUSION 
The proposed AE system worked effectively. Tool breakage 
was accurately detected in all of test cases without any 
incorrect alarm when the cutting conditions changed. The 
direction of the tool movement and the location of the AE 
sensor did not affect the results. The proposed system is 
very useful to _monitor 3-D micro-machining operations. 

Experimental results verified the tool breakage based on 
the WIS mechanism. The monitored AE activity showed 
that the deposit of small workpiece particles on the tool 
surfaces and the clogging of chips affected the material 
removal capabilities of the tiny cutting edges of the micro
end mills. When the cutting edges could not penetrate 
effectively into the workpiece, they generated harder 
impacts when compared to normal cutting. Therefore the 
monitored AE activity drastically increased. However, 
some tools recovered from these problems and the AE 
activity returned to normal. On the other hand, if the tool 
condition did not improve or if the cutting edges were 
slightly damaged the tool broke. The AE activity indicated 
most of the problems. However, it could not detect the 
cause of the problem and it could not predict if the tool 
might recover. The developed system can also be used for 
the detection of the pre-failure phase; however, incorrect 
alarms are possible. 
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ABSTRACT 

This note describes a heuristic model for compensation of a laser interferometer path 
length for gimbal kinematic errors. It is especially appropriate for the laser interferometer four 
beam Coordinate Measuring Machine (CMM). For a typical target geometry the model predicts 
the path length with residual errors less than a few hundred nanometers. 

I. INTRODUCTION 

References (1),(2), and (3) describe an 
exact model for laser beam path length as a 
function of the gimbal kinematic parameters. 
When the gimbals deviate from ideal it is 
difficult to calibrate the CMM. The analysis 
is quite complicated if one must consider the 
kinematic parameters. Reference (4) 
provides some simulation studies which 
estimate the error in target position when 
one ignores the effects of kinematic errors. It 
also considers the effect of random 
interferometer noise on the accuracy of the· 
CMM. In that study it was assumed that the 
kinematic errors would be representative of a 
new gimbal design which promises to have 
very small deviation from ideal. We expect 
the new gimbal will have maximum values 
for the parameters a1 and ~ of less than 0.1 
mm; probably less than 0.02 mm. Parameter 
a1 is a measure of axes misalignment 
Parameter e2 is a measure of the distance 
from the surface of the mirror to the gimbal 
second axis. (See reference (1) for a 
description of the gimbal model and 
definitions of the kinematic parameters.) 
Parameters Cx and Cy are measures of the 
distance of the point of reflection on the 
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mirror from the center of the gimbal. This is 
termed mirror center offset. The mirror 
center offset is not a function of gimbal 
design but instead is a result of adjusnnent of 
the direction of the incident laser beam. This 
is difficult to measure and might well be as 
large as several mm. This note describes a 
method for compensation for both the axes 
misalignment and the mirror center offset 
The compensation is computed from 
estimates of the target and gimbal positions. 
The method is especially appropriate for the 
four beam CMM because the calibration 
algorithm for that system provides estimates 
of both target position and gimbal position. 
A special calibration target or fixture is not 
required. A number of examples are 
simulated to show the effectiveness of the 
path length compensation. 

II. DESCRIPTION OF THE PATH 
LENGTH MODEL 

Figure 1 illustrates the geometry of a 
four beam laser CMM. This is the same 
geometry considered in Ref.(4). The targets 
are constrained to be in a region in the form 
of a cube 2 meters on a side. The minimum· 
distance from a gimbal to a target is 2.5 



meters. The maximum distance is about five 
meters. Most of the examples simulated here 
are for the geometry of gimbal 0. For that 
geometry the gimbal angle 9t ranges from -
10.35 to 10.67 degrees. The range for 82 is 
from -19.43 to 1.57 degrees. Tiris geometry 
is representative of a situation where the 
CMM is used to measure the position of a 
PUMA robot. 

Consider first a situation with mirror 
center offset but no axes misalignment. Tiris 
is illustrated in Figure 2. Tiris is similar to 
Figure 3.2 in Ref.(1). Tiris is a two 
dimensional representation of the problem 
with the target and the incident beam in the 
plane illustrated. Point 0 lies on the normal 
to the plane passing through the intersection 
of the gimbal axes. It is the center of rotation 
for rotations confined to the plane. Point T 
represents the target. Point L presents the 
interferometer. Point R represents the point 
of beam reflection on the surface of the 
mirror. This is a function of the parameters 
Cx and Cy and the gimbal angles. The 
distance s is the distance along the surface of 
the mirror from 0 to R. The distance d is the 
distance from the incident beam to the point 
0. The angle A is the angle between the 
incident beam and the normal to the mirror. 
When A = 0 the incident beam is reflected 
back to the interferometer. The distanced is 
independent of the angle A for rotations 
limited to the plane illustrated. However the 
distance d ·is a function of rotations out of 
the plane. The variation in d · is small 
compared to the magnitude of d due to the 
limited range of the gimbal angles for the 
geometry shown in Fig.l. 

Note that d = s*cos(A). 

Applying the cosine law produces the 
equations (1) and (2) below. 

-z -z -
TO = TR + s2 + 2sTR sin( A) (1) 
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-z -z -
LO = LR + s2 + 2sLR sin( A) (2) 

The coordinates for point L can be 
assigned anywhere along the path of the 
incident beam because the interferometer 
offset parameter can be adjusted to 
compensate for any arbitrary changes in the 
path LR. Therefore TR and LR can both be 
very large compared to s or d. Solving 
the quadratic equations (1) and(2) for TR 
and LR produce the approximate results 
shown below. The first order series 
approximation for the square root function is 
used in arriving at these solutions. 

- - (d) 
TR= TO+ d tan(A)- d-= 

2T0) 

-- (dJ LR = LO -dtan(A) -d--= 
2LO 

-- -

The total path then is approximately: 

---- (d dJ TR+LO=TO+LO-d -=+-= (3) 
2TO 2LO 

From equation (3) we can conclude that 
the estimated gimbal position will be point 
0. There will be a small offset approximately 

the average value of d~TO ~ averaged for 

all the positions in the data set. The error in 
these approximations increases with larger 
ranges of gimbal angles. We noted above 
that the assumed target geometry has a 
rather small range of gimbal angles but still 
covers a fairly large target region. 

When there is no mirror center offset 
The distanced is zero. The calibration model 
for the path length then has four parameters; 
the three coordinates of the point 0 and the 
offset associated with the arbitrary initial 
value of the interferometer data. This is the 



model used in the study of Ref.(4). When the 
mirror center offset is different from zero the 
model differs from the simple four parameter 
model by an additive term inversely 
proportional to the distance to the target. 

This is the term d(~TO ~ in equation(3). 

For this situation we can consider a five 
parameter model for path length as shown in 
equation (4). 

Path Length= TG + P1 lTG +OFFSET (4) 

In this equation term TG represents the 
distance from the target to a point G near the 
point 0 in Fig.2. The parameters are: 

(a) the three coordinates of G 
(b) the parameter P1 
(c) the OFFSET. 

The term OFFSET represents the 
distance from the interferometer to G and 
includes the value associated with the initial 
value of interferometer data. We can think of 
the Pl term as compensation for the mirror 
center offset since it approximates the term 

d(fz TO~· This model is an approximation 

and· we should not expect it to produce 
exactly correct values. We expect it to be 
more precise than the four parameter model. 

When the gimbal axes do not intersect ·or 
the surface of the mirror does not lie on the 
gimbal axis there is no ftxed center of 
rotation 0 as in Fig.2. We might intuitive 
think of a pseudo center; a point on the 
mirror comparable to point 0 but one that 
moves about by small amounts as the gimbal 
angles change. The amount of motion is a 
function of the axes misalignment parameters 
a1 and ez. The range of motion will be less 
than the sum of these parameters. Small 
amounts of misalignment result in a small 
range of motion. Similarly a small range in 
gimbal angles result in a small range of 
motion. For the new gimbal design we 
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expect the range of motion to be a small 
fraction of a millimeter. These ideas lead to a 
nine parameter model for path length which 
includes terms to compensate for the gimbal 
axes misalignment. This is shown in equation 
(5) below. 

Path Length= TG + PdTG + Pz*cos(81) + 
P3 *cos (82)+P 4 *sin(81)+ 
Ps*sin(92) + OFFSET (5) 

The terms P2 ... Ps are intended to 
compensate for the axes misalignment el 
and 82 are the gimbal angles. We can think of 
these terms as a first order approximation for 
the variation in path length as a function of 
the gimbal angles. The variables are the sin 
and cosine functions of the gimbal angles. 
The other terms in equation (5) are as 
defmed in equation (4) . The nine parameters 
are the five parameters of equation ( 4) plus 
the parameters Pz ... Ps. In a real world 
experiment knowledge of the gimbal angles 
must be measured or inferred by other 
means. Consider the function F defmed in 
equation (6). 

F = Q2 *cos(9t +b) + Q3 *cos(82 +g) + 
Q4*sin(81 +b)+ Qs*sin(82+g) (6) 

Expanding the sin and cosine functions 
and regrouping terms produces the result in 
equation (7). 

F = (Q4*cos(b)+Q2*sin(b))*sin(81) + 
(Q4*sin(b)-Q2*cos(b))*cos(81) + 
(Qs*cos(g)+Q3 *sin(g))*sin(92) + 
(Qs*sin(g)-Q3*cos(g))*cos(9z) (7) 

Choose Qz .. Qs, b and g such that the 
following conditions exist 

P2 = Q4*sin(b)- Q2*cos(b) 
P3 = Qs*sin(g) - Q3*cos(g) 
P4 = Q4*cos(b) + Q2*sin(b) 



Then function F is exactly equivalent to 
the axes misalignment compensation terms in 
the nine parameter model. The practical 
consequences of this are that we can 
compute the axes misalignment 
compensation terms with arbitrary references 
(band g) for the for the gimbal angles. 

Approximate values for the gimbal angles 
can be computed if the coordinates of the 
gimbal~ the target~ and the interferometer are 
all known. We assume the point of reflection 
is at point 0 in Fig.2 rather than at point R. 
The error in the approximation is of the 
order of a few milliradians since the distance 
d is very small compared to the distance to 
the target or interferometer. Since the angles 
band g can be arbitrary we can equivalently, 
for the purpose of computing the gimbal 
angles; assign arbitrary coordinates for the 
location of the interferometer. We do not 
need to measure the gimbal angles. 
Extending this concept further we can 
conclude that the information for 
compensation of axes misalignment can be 
determined from the direction of the beam 
from the gimbal to the target alone. The 
variables in the axes misalignment terms do 
not have to be in terms of gimbal angles. 

ill. SIMULATION RESULTS 

The main purpose of this study is to 
determine the errors that result from these 
three path length models for several values 
of axes misalignment and mirror center 
offset. This is a simulation study using the 
geometry shown in Figure 1. Most of the 
examples considered represent the 
geometry for gimbal 0 in that figure. The 
simulated path lengths were computed using 
the exact two link gimbal model described in 
Ref.(1). Path lengths were computed for 250 
target positions distributed throughout the 2 
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meter target region. The interferometer 
coordinates were 3500, 600, 500. This is a 
point at the left edge of the target region. 
Least square estimates were performed 
fitting each of the three path length models 
to the simulated values of path length. The 
residual RMS error and the maximum error 
were used as measures of how well the 
models fitted the data. This has been done 
for 18 cases with various values of gimbal 
parameters Cx, Cy, a1, and ez. The results are 
tabulated in Table 1. 

Examples 1 through 4 were all computed 
with the same value of mirror center offset 
to determine if the residual error is a function 
of the direction of the mirror center offset 
Examples 4 through 8 were computed for 
the same purpose but with a different value 
of mirror center offset. From the results for 
the four parameter model we can conclude 
that the error is independent of the direction. 

Examples 13, 14, and 15 were computed 
with no axes misalignment. The five 
parameter model reduced the residual error 
to a negligible amount. Examples 1 through 
10 were all computed with varying mirror 
center offset and the same axes misalignment 
parameters. The five parameter residual 
errors from these tests all equal the value for 
Example 10 which has no mirror center 
offset. We conclude that the P1 term in the 
five parameter model is very effective in 
compensating for the mirror center offset 
Any residual error is due to axes 
misalignment. Results from Examples 11 and 
12 support this conclusion. The residual 
errors from the nine parameter model were 
negligible for Examples 1 through 12. 
Examples 16 through 19 were computed 
using very large values for axes 
misalignment. Example 17 in particular has 
an unrealistically large value. In these cases · 
the nine parameter model reduced the 
residual error to small values. We conclude 
that when the axes misalignment is of the 



low value that the new gimbal design can 
provide; the nine parameter model provides 
effective compensation for axes 
misalignment 

The simulated path lengths for all of the 
examples were computed with the 
assumption that the interferometer 
coordinates were 3500, 600, 500. 
Knowledge of any point along the path of 
the incident beam make it easy to compute 
the approximate gimbal angles. In all the 
examples shown in Table 1 we assumed the 
interferometer was at these same 
coordinates. This data was used to compute 
the gimbal angles. In effect this assumption is 
equivalent to having rather precise 
knowledge of the gimbal angles. 

Table 2 provides examples with widely 
spaced positions assigned for the location of 
the interferometer. The mirror center offset 
and the axes misalignment parameters in 
these examples are the same as Example 18 
in Table 1. Example 18 is included here for 
comparison. All nine of the estimated 
parameter values are tabulated for each 
example. Contrary to expectations, the 
residual errors varied with the assumed 
position for the interferometer. However; in 
all of the examples the residual errors were 
small. Formulating the nine parameter model 
in terms of gimbal angles with arbitrary 
interferometer pos1t1on produced good 
compensation for axes misalignment even 
with large values of misalignment 
parameters. 

Table 3 provides examples where the 
axes misalignment compensation terms were 
computed in terms of the direction of the 
beam from the gimbal to the target. Example 
30 was computed using the same values of 
mirror center and axes misalignment 
parameters as for Example 18 shown in 
Tables 1 and 2. The parameter Ll82 was set 
to the ideal value of 90° for examples in 
Tables 1 and 2. In Example 30, Ll82 was set 
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to 80°. The nine parameter model was 
computed in terms of the gimbal angles as 
before with the assumed value for 
interferometer posttlon equal to the 
simulated pos1t.1on. The targets were 
randomly distributed throughout a sphere 
instead of the 2 meter cube. The sphere was 
2.5 meters in diameter with center at the 
center of the cube. 

Example 31 was computed using the 
direction components of the target beam as 
the variables in the nine parameter model. 
The variable 81 was set equal to the angle 
between the X axis and the projection of the 
target beam onto the XY plane. The variable 
92 was set equal to the angle between the X 
axis and the projection of the target beam 
onto the XZ plane. The kinematic parameters 
were the same as Example 30. The residual 
errors for Example 31 are larger than 
Example 30 but still very acceptable. 

Example 32 was computed using the 
same parameters as for Examples 30 and 31. 
The target beam angles were used to 
compute the axes misalignment terms. 
Random noise was added to the simulated 
values of path length to simulate noise in the 
interferometer data. The peak to peak 
value of noise was 250 nanometers. This is 
about one fourth the noise reported in 
Ref.(4). The RMS residual error was about 
what one would expect due to the 
interferometer noise alone. The maximum 
error was about 1.5 times the noise 
maximum. 

Examples 40,41, and 42 were computed 
similar to Examples 30, 31, and 32. They 
were computed for gimbal 3 in Fig. 1 vice 
gimbal 0. The distance from gimbal 3 to the 
targets is greater than for gimbal 0 hence the 
range in gimbal angles is smaller. The 
assumption of a spherical target region vice a 
cube also reduced the range of gimbal 
angles. The parameter Ll82 was set to 100°. 
The residual errors from these three 



examples were essentially the same as from 
Examples 30,31, and 32. 

IV. CONCLUSIONS 

The nine parameter model for path length 
approximation reduces the error due to 
mirror center offset and axes misalignment to 
less than a few hundred nanometers for 
typical target-gimbal geometry. This is less 
than the noise in the interferometer 
measurements as reported in Ref.(4). 

The axes misalignment compensation can 
be computed in terms of gimbal angles with 
the assumption of an arbitrary interferometer 
position or from components of the direction 
of the beam from the gimbal to the target. It 
is not necessary to measure the gimbal 
angles. Using the gimbal angle model 
produced smaller error for the few examples 
computed. 

An additive term inversely proportional 
to distance to the target provided very 
effective compensation for mirror center 
offset 
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Table 1: Path length residual error as function of kinematic 
parameters and compensation modeL 

Four Parameter Five Parameter 
Kinematic Parameters Model Hodel 

RHS Max Rt1S Max 

ex Cy al e2 Error El"YOr El"l"Or El"l"Ol" 
2 2 .02 .os 230 S93 107 317 
2 -2 .02 .os 222 S80 107 314 

-2 2 .02 .OS 221 S7S 107 317 
-2 -2 .02 .OS 229 595 107 314 

2 0 .02 .OS 147 421 107 316 
-2 0 .02 .os 146 419 107 315 

0 2 .02 .OS 140 416 107 317 
0 -2 .02 .os 146 420 107 314 
1 -1 .02 .os 116 343 107 315 
0 0 .02 .os 107 316 107 316 
2 -2 .02 -.OS 229 59S 124 389 

0 0 .02 -.os 124 389 124 389 

2 -2 0 0 194 S14 <1 <l 
2 0 0 0 100 265 <1 <1 
0 2 0 0 99 263 <1 <1 
1 -1 .04 .1 220 659 214 630 

0 0 1 0 5753 17621 5753 17623 
2 -2 .2 .2 1134 3485 1117 3370 
2 2 .2 -.4 1236 3926 1220 3809 

Notes: ( 1) RMS EYYOY aro Max Errol" Units aYe Nanometers. 
All Other Dimensions Are in Millimeters. 

<• 

(2) Parameter- O£l. TATl-ETA2 ,. 90 Degrees for- All Exalq)les. 
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Nine Parameter 

Model 

RMS Max 

ErYor Erl"Ol" 

7 31 
7 33 
7 31 
7 33 
7 32 

7 32 

7 31 
7 33 
7 33 

7 32 

3 16 
3 17 . 

<1 <1 
<l <1 
<1 <1 
14 65 

12."9 629 
43 208 

26 122 



Table 2: Model parameters and errors as a function of 
the assigned interferometer coordinates. 

Parameter Example 18 Example 26 Example 27 Example 
Cx 2 2 2 2 
Cy -2 -2 -2 -2 
a1 .2 .2 .2 .2 
e2 .2 .2 .2 .2 
Xl 3500 3500 3500 3500 
Yl 600 -1600 0 -600 
Zl 500 1500 0 0 
xo .133 .205 .0917 .1849 
YO .021 -.034 .0126 -.0027 
zo -.031 -.034 -.0234 -.0010 
P1 -3.8389 -3.8642 -3.8608 -3.8090 
P2 .2769 .0072 .4368 .0707 
P3 .6578 .2928 .8263 .4381 
P4 .0505 .1307 .0425 .0671 
PS .1366 .0916 .0749 .0266 

OFFSET 386.4334 3585.4787 3585.3806 3585.4678 
' RMS Error 43 18 29 71 

Max Error 208 140 153 170 

Notes: (1) Xl,Yl,Zl are the assigned values of 
the interferometer coordinates. 

(2) XO,YO~ZO are the estimated coordinates 
of the . gimbal 

(3) RMS Error and Max Error Are in Units of Nanometers 
All Other Dimensions Are in Units of Millimeters 

(4) Parameter DELTATHETA2 Was 90 Degrees For All 
Examples 
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Table 3: Parameters and errors as a function of compensation model 
variables and interferometer noise. 

Parameter Exafl1)le E:.x.anlll e e:.xan.:> 1 e Exa.IQ)le Exafl1)le E:xa.lr1) 1 e 
30 31 32 40 41 42 

ex 2 2 2 2 2 2 
Cy -2 -2 -2 -2 -2 -2 
a1 .2 .2 .2 .2 .2 .2 

e2 .2 .2 .2 .2 .2 .2 
O£L TA TI-ET A2 ao ao ao 100 100 100 

Hodel Variable GA TBA TBA GA TBA TBA 
P-PNoise 0 0 250 0 0 250 

Xl 3SOO 3SOO 3500 3500 3SOO 3500 

Yl 600 600 600 600 600 600 

.Zl soo soo soo soo 500 soo 
xo .1301 .2348 .2434 -699.8331 -699.7425 -699.7272 
YO -.OSS9 ·-.0626 -.0636 -500.0300 -500.0396 -500.0442 

zo -.0225 .0111 .0161 700.0090 699.9949 699.9923 

Pl -4.1251 -4.0754 -3.9274 -4.0374 -4.0301 -3.8192 

P2 .2200 -.0485 -.0579 .1213 -.ossa -.0745 

P3 - .6306 .0519 .0435 .5190 .0387 .0278 
P4 -.1073 .0221 .0209 -.0589 .0119 .0074 

P5 -.1145 -.0018 .0031 -.0384 -.0003 -.0030 
OFFSET 3880.0952 3880.1761 3880.1847 4345.6429 4345.7262 4345.7415 

Rt1S EYYOY 20 30 78 11 15 71 
Max EYYOY 77 147 180 ss 78 1~ 

Notes: ( 1) Units ot RHS E~YoY.Hax EYYOY And Noise AYe Namometers 

(2) Units of OEL TATH~ Are Oegyees. All Other Units are Millimeters 
I ·, • 

( 3) Xl. Yl ,Zl Are The Coordinate$'•of. The. Interferometer 

(4) X),YO,ZO Are The Estimated Coordinates of the Ginbal 

( S ) GA I111Jl i es The Giabal Al191 es Were Used as The Va ri able 

Furctions Foy car.>utiT'l9 The Misalisnnent CocQlensation 

(6) TBA I111Jlies the Direction Angles of The Target Seam W.Ye 

UMd aa The YaYiables Foy eon.:>uting The Misalignnent Cofq)ensation 
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